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ABSTRACT 


Tlie  oxidation,  mechanical  and  piiyolcal  piopartlcc  of  zirconium  dibcr'de 
and  hafnium  diboride  and  composites  prepared  from  these  diborides  with  appro¬ 
priate  additive  a .  have  been  determined  as  a  function  of  composition,  micro¬ 
structure  and  test  temperature.  The  composites  were  designed  to  enhance 
oxidation  resistance,  strength  and  thermal  stress  resistance  without  sacrificing 
high  temperature  stability;  the  principal  additives  were  silicon  carbide  or  graphite. 

Several  hundred  diboride  billets,  in  sizes  from  two  inches  diameter  to  six 
inches  square,  were  fabricated  by  conventional  hot  pressing.  All  hot  pressed 
billets  were  subjected  to  extensive  nondestructive  testing  correlations  and  flaw 
identification  criteria.  A  unique  role  for  ceramic  additives  has  evolved  in  en¬ 
hancing  the  fabricability  of  diboride  materials  and  producing  fine  grained  crack 
free  billets.  All  powder  materials  and  hot  pressed  microstructures  subjected  to 
properties  evaluations  have  undergone  extensive  characterization  through  quali¬ 
tative  and  quantitative  chemical  analyses,  phase  analyses  and  grain  size  and 
density  measurements. 

An  exploratory  fabrication  effort  was  initiated  to  develop  alternate  means 
to  hot  pressing  for  producing  dense  diboride  materials;  hot  forging,  plasma 
spraying  and  sintering  are  being  studied.  In  addition,  the  hot  pressing  of  diboride 
compositions  containing  additives  ouch  as  SiC  whiskers,  carbon  filaments  or 
tungsten  filaments  is  being  studied. 

Oxidation  screening  evaluations  were  performed  in  hot  sample  cold  gas 
furnace  tests  in  which  low  velocity  air  at  a  linear  flow  rate  of  0.9  ft/sec  is  passed 
over  specimens  at  temperatures  from  1700°  to  2200°C.  The  beneficial  effect  of 
SiC  in  reducing  the  rate  of  diboride  oxidation  and  increasing  the  adherence  charac¬ 
teristics  of  protective  oxide  coatings  was  confirmed  and  extended  in  temperature 
range  and  composition.  The  introduction  of  graphite,  for  improved  thermal  stress 
resistance,  detracts  from  the  oxidation  resistance.  Hafnium  diboride  compositions 
display  superior  oxidation  resistance  to  analogous  zirconium  diboride  compositions  - 

Mechanical  properties  screening  evaluations,  comprising  bend  strength 
measurements  u  L800°C  and  static  elastic  mod’tlus  measurements  up  to  1400°C, 
were  performed  for  selected  diboride  compositions  with  variations  in  porosity  and 
grain  size.  The  fine  grained  fully  dense  diboride  composite  compositions  possess 
the  highest  elevated  temperature  strengths;  bend  strengths  of  40,000  to  60,000  psi  at 
1800°C  are  found  in  several  compositions.  Porosity  and  graphite  substantially  re¬ 
duce  the  Young's  modulusof  HfB2  and  ZrB2  from  the  70  to  80  x  10"  psi  level  whereas 
SiC  does  not  significantly  alter  the  composite  modulus.  The  temperature  and  strain 
rate  dependence  for  the  onset  of  plasticity  are  being  established;  all  compositions 
have  shown  limited  plasticity  in  bending  at  1800°C. 

Preliminary  steady  state  thermal  stress  resistance  measurements  were  per¬ 
formed  in  which  hollow  cylindrical  specimens  are  heated  by  a  concentrically 
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ABSTRACT (CONT) 


positioned  carbon  rod  in  order  to  induce  thermal  stresses  sufficient  to  cause 
brittle  failure.  Transient  thermal  stress  data  of  materials  from  this  program 
are  being  obtained  in  a  variety  of  hot  gas/cold  sample  arc  plasma  evaluations 
under  a  separate  study. 

The  results  of  the  current  program  provide  an  increased  confidence  in 
the  choice  of  a  diboride  material  as  a  monolithic  ceramic  body  for  applications 
in  environments  which  will  produce  thermal  stresses  and  surface  oxidation. 

Distribution  of  this  report  is  limited  for  the  protection  of  technology  re¬ 
lating  to  critical  materials  restricted  by  the  Export  Control  Act. 
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I. 


INTRODUCTION  AND  SUMMARY 


A,  Introduction 


xhe  dibo rides  of  xircunium  >uu  luJuuuui  li*Ve 


cellent  candidate  materials  for  applications  involving  exposure  to  oxidizing 
environments  at  elevated  temperatures.  A  previous  investigation  of  diboride 
materials  showed  that  the  oxidation  resistance  of  the  refractory  diborides  de¬ 


creased  in  the  order  HfB2<ZrB2<Ti(B2<TaB2<NhB2;  extensive  thermodynamic 
data  were  presented  and  reviewed  (1*).  Subsequently,  extensive  oxidation  eval¬ 
uations  confirmed  the  superior  oxidation  resistance  of  H1&2  over  ZrB2  and 
demonstrated  that  metal  rich  compositions  of  Hf&2  or  ZrB2  were  more  oxida¬ 
tion  resistant  and  possessed  higher  thermal  stability  than  boron  rich  compositions 
of  the  same  diboride  (2).  More  recently,  the  oxidation  ci aracteristics  of  poly¬ 
crystalline  inicrostructures  of  ZrBz  and  HfB?  containing  various  additives  were 
investigated;  the  oxidation  behavior  was  studied  in  hot  sample/ cold  gas  furnace 
tests  in  which  air  was  passed  over  the  sample  at  low  velocities  ^3).  The  addition 
of  SiC  as  a  second  phase  constituent  substantially  improved  the  oxidation  resist¬ 
ance  of  ZrB2  and  HfB2.  Additional  oxidation  characteristics  were  obtained 
from  a  limited  number  of  hot  gas/cold  sample,  arc  plasma  tests  in  which  hot  air 
was  passed  over  the  sample  at  subsonic  and  supersonic  velocities.  In  these  arc 
plasma  evaluations,  the  HfB2  was  again  more  oxidation  resistant  than  the  ZrB2. 
No  thermal  stress  failures  were  encountered  in  forty  arc  plasma  tests.  Bend 
strength  data  were  also  obtained  for  ZrB2  and  HfB2  from  room  temperature  to 
1400°C. 


The  present  program  was  undertaken  to  prepare  a  number  of  diboride 
materials  containing  either  ZrB2  or  HfB2  as  the  principal  component  with  selected 
additives  designed  to  enhance  one  or  more  of  the  following:  oxidation  resistance, 
mechanical  properties  and  thermal  stress  resistance.  Diboride  materials,  in¬ 
cluding  ZrB?  and  HfB2  with  no  additive,  are  being  fabricated  with  microstructural 
variations  of  grain  size  and  porosity.  Billets  are  prepared  by  conventional  hot 
pressing  procedures  suitable  for  the  production  of  components  such  as  nose  caps, 
leading  edges,  vanes  and  similar  objects  anticipated  for  use  in  high  velocity  flight 
or  re-entry  conditions.  The  program  is  broadly  divided  into  three  phases:  (1) 
composition  and  microstructure  screening,  (2)  extensive  properties  testing  and 
(3)  simulated  application  evaluations  and  verification  of  properties  in  *ca).ed-up 
fabrication.  In  Phase  One,  oxidation,  mechanical  and  thermal  screening  tests  of 
a  wide  range  of  compositions  and  microstructures  are  being  used  to  select  a 
limited  number  of  particularly  attractive  diboride  materials.  In  Phase  Two,  the 
selected  compositions  and  microstructures  are  being  fully  characterized  over  a 
wide  temperature  range  in  terms  of  oxidation  resistance,  strength,  elastic 
modulus,  linear  expansion,  thermal  conductivity  and  steady  state  thermal  stress 
resistance.  Finally,  in  Phase  Three  these  properties  will  be  redetermined  for 
materials  prepared  in  scaled  up  billet  sizes  and  a  leading  edge  configuration  will 
be  subjected  to  simulated  hypersonic  flight  heating  condition*  of  varying  severity. 


Underscored  numbers  in  parentheses  designate  References  given  at  end  of  report. 


Jit  is  anticipated  iuat  «t  t»s  completion  of  tho  nwaram.  sufficient 
powder  material  procurement  and  characterisation  information,  fabrication 
technology,  physical,  mechanical  and  oxidation  property  data  and  thermal  stress 
resistance  performance  data  will  be  available  so  that  future  utilisation  or  di- 
boride  materials  for  a  particular  application  can  be  readily  achieved  with  a 
minimum  of  additional  required  data.  Appropriate  information  is  being  generated 
to  ascertain  property  trade  off  consequences  which  may  be  utilized  in  developing 
optimised  materials  for  specific  applications,  or  which  may  be  necessary  if  other 
fabrication  techniques  must  be  employed. 

B.  Summary 

Zirconium  and  hafnium  diboride  powders  were  procured  in  several 
lots  ranging  from  fifty  to  three  hundred  pounds .  Additive  material  procurements 
included  silicon  carbide  powders  and  fibers,  hafnium  silicide  and  boron  silicide 
powders,  hafnium  metal,  hafnium-tantalum  alloy  and  chromium  metal  powders, 
tungsten  filament,  Poc.o  graphite  and  Cabot  Regal  carbon  powder  and  Thornel  25 
graphite  fibers. 

Several  hundred  diboride  billets  were  fabricated  with  and  without  one 
or  more  of  ths  above  additives  by  conventional  hot  pressing  procedures.  The  di¬ 
boride  materials  fabricated  include  the  following  basic  compositions  which  are 
identified  by  roman  numerals:  Material  X,  ZrB2  with  no  additive;  Material  II, 

Hf Bo  with  no  additive ;  Material  III,  HfBo  with  20  v/o  SiC;  Material  IV,  HfB2  with 
30  v/o  SiC;  Material  V,  ZrB2  with  20  v  o  SiC;  Material  VI,  HfB2  with  4  v/o  Hf-Ta 
alloy:  Material  VU1,  ZrBo  with  14  v/o  SIC  and  30  v/o  C;  Material  X,  ZrB?  with 
20  v/o  SiBf,;  and  MaterialXU,  ZrB2  with  50  v/o  C.  Additional  billets  having  varia¬ 
tions  from  the  basic  compositions  were  also  fabricated.  The  majority  of  the  billets 
ware  2.0  inch  diameter  by  0.7  inch  high,  although  aeveral  dozen  3.0  inch  diameter 
x  1.0  inch  high  and  about  a  dozen  5.75  inch  square  by  0.75  to  1.5  inch  high  billets 
ware  also  prepared.  All  hot  pressed  billets  were  subjected  to  extensive  non¬ 
destructive  testing  evaluations  to  provide  sufficient  data  for  subsequent  development 
of  property  correlations  and  flaw  identification  criteria.  These  evaluations  are 
being  performed  under  a  separate  program  (4). 

Considerable  difficulty  was  encountered  in  the  fabrication  of  crack  free 
billets  of  Materials  1  and  11,  which  do  not  contain  intentional  additives.  Furthsrmore, 
fully  dense  billets  of  Materials  I  and  11  could  not  be  prepared  without  significant  grain 
growth.  A  unique  role  for  ceramic  additives  in  enhancing  dsnaiflcation  by  hot 
pressing,  heretofore  not  fully  understood  nor  exploited,  was  found.  The  incidence 
of  cracking  was  virtually  eliminated  for  composite  compositions  based  on  either 
ZrB2  or  HfB2;  this  effect  is  particularly  well  documented  for  additions  of  SiC,  C 
or  both  SIC  4  C.  High  density  fine  grained  diboride  microstructures  were  hot 
pressed  and  characterised  in  terms  of  chemistry,  density,  grain  size  and  phase 
analysis.  The  various  intentional  additives  to  the  di  bo  rides  also  resulted  in  ap¬ 
parent  reductions  of  the  impurity  phases  found  in  the  as -received  diboride  powders. 

An  exploratory  fabrication  effort  was  undertaken  to  develop  alternate 
means  to  hot  pressing  for  producing  dense  diboride  materials;  hot  forging,  plasma 
spraying  sad  sintering  are  being  studied.  In  addition,  the  hot  pressing  of  composite 
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composition*  containing  tuuiiivei  uui.  in  powder  iunu  u« >  uccu  «ti«mptcup  tub 
materials  that  wer*  prepared  include  Material  V  with  SiC  whiskers,  Material 
XII  with  Thornel  25  yarn  and  a  Material  XIII  cental  ting  ZrB2  with  W  filaments. 

Phase  One  screening  evaluations  were  performed  on  diboride  compo¬ 
sitions  representing  variations  in  porosity,  grain  size  and  chemical  composition. 
Specimens  were  subjected  to  thermal,  oxidation  and  mechanical  tests  in  order  to 
select  a  limited  number  of  microstructures  for  more  extensive  properties 
measurements  in  Phase  Two. 

-5 

Thermal  screening  evaluations  were  performed  in  argon  and  at  10 
tor r  vacuum  at  temperatures  up  to  2300°C.  Screening  evaluations  at  2300°C  for 
15  minutes  in  argon  revealed  no  change  in  the  initial  microstructures  of  Materials 
I,  II,  III,  IV,  V  and  XII.  Surface  depletion  zones  of  additive  phases  at  depths  of 
15  to  50  mils  were  found  for  Material  VIII  and  second  phase  melting  was  observed 
in  Material  X.  Melting  data  obtained  on  hot  pressed  samples  from  several  dif¬ 
ferent  lots  of  ZrB2  and  HfB2  powders  indicated  incipient  melting  temperatures 
consistent  with  identified  oxide  and  carbide  impurity  phases.  Complete  melting 
was  observed  at  3075°  to  3095°C  for  three  different  high  purity  ZrB2  materials 
and  at  3345°C  for  one  high  purity  HfB2  material. 

Oxidation  screening  evaluations  are  performed  in  hot  sample/ cold  gas 
furnace  tests  in  which  low  velocity  air  at  a  linear  flow  rate  of  0.9  ft/  sec  STP 
is  passed  over  the  specimen  (0.35  inch  diameter  by  0.  35  inch  high)  at  temperatures 
from  1700°  to  2200°C  for  30  or  60  minutes.  Oxidation  characteristics  are  de¬ 
termined  by  post  oxidation  metallographic  analysis  which  yields  measurement  of 
the  depth  of  conversion  of  diboride  to  oxide,  observation  of  adherence  charac¬ 
teristics  of  oxide  coatings  and  determination  of  high  temperature  limit  for  the 
formation  and  retention  of  a  protective  oxide  for  30  to  60  minutes.  Hafnium  di- 
borlde  displayed  better  oxidation  resistance  than  eircouium  diboride  at  all  temp¬ 
eratures  in  agreement  with  earlier  results  (2);  the  high  temperature  limit  for 
protective  oxide  formation  was  1875°C  for  ZrB2  and  2050°G  for  HfB?,  Previously 
reported  (3)  enhancement  of  diboride  oxidation  resistant  characteris  tic  s  by  the 
introduction  of  SiC  were  confirmed  and  extended  in  Materials  III,  IV  and  V.  The 
adherence  characteristics  of  the  oxide  produced  in  the  latter  materials  is  improved 
relative  to  ZrB2  and  HfB?  with  no  additive  and  protective  oxide  formation  is  ex¬ 
tended  to  a  temperature  limit  of  2000°C  for  Material  V  and  was  observed  up  to 
2100°C  for  Materials  III  and  IV.  Preferential  oxidation  of  SIC  was  observed  at  all 
temperatures;  this  phenomenon  leads  to  the  occurrence  of  three  discreet  zones  in 
an  oxidised  specimen:  the  outer  oxide,  the  diboride  plus  void  cone  and  the  unaltered 
diboride  plus  SiC  matrix.  The  introduction  of  C  detracts  from  oxidation  resistance, 
as  in  Materials  VIII  and  XII,  which  were  formulated  to  maximise  thermal  stress 
resistance.  Material  VIII  with  14  v/o  SiC  and  30  v/o  C  is  mare  oxidation  resistant 
thanMaterial  I  but  less  than  Material  V.  Material  XII  with  50  v/o  C  is  substantially 
less  oxidation  resistant  than  Material  I;  reduction  of  C  to  20  and  5  v/o  renders 
Material  XII  competitive  with  Material  I.  Addition  of  SIB*  tQ  ZrB2,  Material  X, 
extended  the  range  of  protective  oxide  formation  to  1925°C  but  did  not  improve 
oxidation  resistance  at  lower  temperatures;  addition  of  Cr  to  ZrB2,  Material  XI, 
lowered  the  oxidation  resistance  of  ZrB2.  Addition  of  Hf-27Ta  to  HfB2,  Material 
VI,  showed  no  appreciable  effect  on  the  oxidation  resistance  of  HfB2, 
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M*cb*ninal  screening  evaluations,  comprising  transverse  bend 
strength  measurements  from  room  temperature  to  1800UC  and  static  elastic  mod¬ 
ulus  measurements  from  room  temperature  to  1400°C,  are  being  performed  for 
selected  diboride  compositions  of  several  microstructural  variations  in  grain 
sise  and  porosity  in  Phase  One.  The  effects  of  grain  size  ranges  of  6  to  40  mi¬ 
crons, for  Materials  1  and  ILand  5  to  10  microns  for  Materials  Ill,  IV  and  V  and 
porosities  from  0  to  15  per  cent  have  been  evaluated.  Materials  1  and  U  display 
peak  strengths  at  80Q°C;  Materials  111,  IV  and  V  show  relatively  flat  temperature 
bend  strength  curves  up  to  1800°C,  Bend  strengths  of  40,000  to  55,000  psi  have 
been  obtained  with  the  fully  dense  fine  grained  compositions  of  Materials  111,  IV 
and  V.  These  strengths  are  substantially  higher  than  those  of  Materials  1  and  11 
at  1400°C  and  1800°C.  Young*s  modulus  values  of  70  to  80  x  10°  psi  were  obtained 
for  the  fully  dense  diboride  materials.  Porosity  substantially  reduces  the  elastic 
modulus,  whereas  additions  of  SiC  do  not  significantly  alter  the  diboride  modulus. 
Currently,  the  temperature  and  strain  rate  dependence  for  the  onset  of  plasticity 
are  being  established;  all  compositions  have  shown  limited  plasticity  in  bending  at 
1800°C. 

Preliminary  steady  state  thermal  stress  resistance  measurements 
were  initiated  to  obtain  experimental  data  on  the  response  of  several  of  the  diboride 
materials  to  the  selected  evaluation  technique  in  which  hollow  cylindrical  speci¬ 
mens  are  heated  by  a  concentrically  positioned  carbon  rod  to  induce  thermal 
stresses  sufficient  to  cause  brittle  fracture.  The  initial  results  suggest  that  suf¬ 
ficient  plastic  strain  occurs  during  the  slow  heating  cycle  at  temperatures  as  low 
as  1275°C  to  prevent  fracture  due  to  the  thermal  stresses.  Transient  thermal 
stress  data  for  many  high  temperature  materials  including  the  diborides  developed 
in  this  study  are  being  obtained  in  a  variety  of  hot  gas/cold  sample  arc  plasma 
evaluations  under  a  separate  investigation  (5). 

The  combined  results  of  the  current  program  strongly  suggest  increased 
confidence  in  the  choice  of  diboride  material  as  a  monolithic  ceramic  body  for 
appUcations  in  environments  which  will  produce  thermal  stresses  and  surface  oxi¬ 
dation.  Such  materials  can  be  recommended  for  aerospace  applications,  particularly 
whan  the  application  requires  retaining  a  specific  geometry  such  as  the  radius  of 
loading  edge  or  nose  tip  for  long  periods  of  time. Diboride  materials  can  now  be  con¬ 
sidered  for  nonaeroepace  appUcations  for  which  oxides,  boron  carbide  and  siUcon 
carbide  have  been  the  leading  candidates.  Such  appUcations  include  extrusion  dies 
and  liners  for  working  of  aerospace  alloys  and  stainless  steel,  drawing  dies,  turbine 
engine  parts  or  other  components  subject  to  combinations  of  abrasive  wear,  thermal 
stress  and  elevated  temperature.  The  success  of  the  ceramic  additive  approach 
has  eUmin&ted  the  need  for  the  consideration  of  low  melting  metal  additives  as  a 
means  of  enhancing  consoUdation;  material  fabricated  with  metallic  binders  would 
of  course  have  limited  high  temperature  properties  and  be  less  oxidation  resistant 
than  the  base  diborides.  Ceramic  additives  can  now  be  considered  for  other  ceramic 
systems  to  enhance  fabricabiUty,  improve  properties  and  adjust  chemical  compo¬ 
sition. 


H.  OPERATIONAL  PROCEDURES  AND  PROGRAM  MANAGEMENT 

This  program  is  a  materials  research,  development  and  evaluation 
effort  directed  and  co-ordinated  by  a  prime  contract  to  ManLabs,  Inc. , 

Dr.  Edward  V.  Clougherty,  Principal  Investigator.  ManLabs,  Inc.  pro¬ 
vides  technical  and  administrative  management  and  is  also  responsible 
for  materials  procurement  and  several  experimental  tasks.  Subcontracting 
services  and  evaluations  are  being  obtained,  or  planned,  from  Avco  Space 
Systems  Division,  Rattelle  Memorial  Institute,  Bell  Aerosystems  Company, 
Atomics  International  Division  of  North  American-Ro^kwell  Corp. ,  The 
Carborundum  Company  and  the  Raytheon  Research  Division. 

Technical  management  responsibilities  at  ManLabs  are  provided  by 
Dra.  Edward  V.  Clougherty  and  David  Kalish.  This  task  includes  direction 
of  materials  procurement,  initiation  and  supervision  of  subcontracting  ef¬ 
forts  and  co-ordination  and  integration  of  program  results  with  other  directly 
related  current  Air  Force  programs.  A  breakdown  of  organizational  respon¬ 
sibilities  is  provided  in  Table  1. 

Individual  responsibilities  for  specific  tasks  and  Subcontract  descrip¬ 
tions  are  as  follows: 

Dr.  Edward  T.  Peters  of  ManLabs  supervises  materials  characteriza¬ 
tion,  thermal  and  oxidation  evaluation*  and  complementary  service  support 
for  the  entire  program  which  includes  among  other  things  chemical  analyses, 
X-ray  diffraction  and  electron  microprobe  analyses. 

Avco/Space  Systems  Division  subcontract  is  directed  by  Dr.  Russell 
J.  Hill  and  William  H.  Rhodes;  Dr.  Thomas  Vasilos  provides  technical 
consultation.  An  extensive  fabrication  effort  is  being  expended  which  includes 
hot  pressing  as  the  principal  method  and  several  other  methods  including 
plasma  spraying,  hot  forging  and  sintering.  Avco  performs  complete  metal- 
lographic  analysis  of  all  billets  fabricated.  Nondestructive  testing  services 
are  also  provided  by  Avco  under  AF33(6l5)-3942,  "Nondestructive  Methods 
for  the  Evaluation  of  Graphite  and  Ceramic  Type  Materials",  Russell  C, 
Stinebrlng,  Supervisor.  Mechanical  property  measurements  and  emittance 
determinations  are  also  performed.  Dr.  David  Kalish  of  ManLabs  provides 
technical  liason  for  the  Avco  subcontract. 

Pyrolytic  deposition  procedures  for  boride  materials  will  be  pursued 
in  a  subcontract  to  the  Raytheon  Research  Division  under  the  direction  of 
Dr,  James  Pappis. 

Thermal  diffusivity  data  will  be  obtained  in  a  subcontract  to  Atomics 
International  under  the  supervision  of  Dr.  C.  A.  Smith. 

Steady  state  thermal  stress  resistance  evaluations  are  being  performed 
at  Battelle  Memorial  Institute  under  Dr.  Dale  E.  Niesz. 

Transient  thermal  stress  behavior  are  being  obtained  from  dynamic 
air  oxidation  evaluations  performed  in  arc  plasma  tests  under  a  concurrent 
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MmnLab.'  program.  AF33{615)-3859,  "Stability  Characteriration  of 

_ *££t~rlzls  *T«d~r  Ht«h  V«Loeitv  Atmospheric  Flight  Condition*  , 

Dr.  Larry  Kaufman,  Principal  Investigator. 

Simulated  leading  edge  evaluation*  will  be  performed  in  a  auboontract 
to  Bell  Aero*y*teme  Co.  under  the  direction  of  Mr.  Frank  Anthony. 
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I.  MATERIALS  PROG  USt^MENT .  CHARACTERIZATION  AND 

TDEKTWICKTim - 1 - 

A.  Introduction 


The  zirconium  and  hafnium  diboride  materials  for  thls'program 
were  generally  procured  as  powder  in  fifty  to  several  hundred  pound  lots 
with  realistic  purity  specifications  set  in  accordance  with  the  required  quan- 
titles,  the  anticipated  contaminant  materials,  the  state  of  the  art  of  diboride 
powder  production  and  cost  factors.  Powder  production  processes  employ 
the  metal  oxide  as  a  starting  material  and  boron  carbide,  crystalling  boron, 
or  a  combination  of  boron  oxide  and  carbon  as  the  source  of  boron.  Accord¬ 
ingly,  the  price  and  availability  of  hafnium  diboride  are  determined  by 
availability  of  and  requirements  for  hafnium  oxide  for  preparing  this  and 
other  hafnium-base  materials  such  as  hafnium  metal  alloys.  In  general, 
one  hundred  pound  lots  were  purchased  at  prices  from  $75  to  $120  per  pound 
for  hafnium  diboride  and  $8  to  $10  per  pound  for  zirconium  diboride.  The 
latter  is  readily  available  and  has  been  prepared  in  larger  batches  than 
hafnium  diboride.  Considerable  variation  was  found  in  different  lots  from  the 
same  manufacturer  allegedly  following  the  same  production  process.  Some 
powder  variations  were  found  to  influence  certain  material  properties  including 
thermal  stability  and  hot  pressing  characteristics. 

A  limited  number  of  diboride  materials  were  procured  as  hot 
pressed  billets  to  provide  a  comparison  for  materials  fabricated  in  the  program. 
Diborlde  powders  for  these  pressings  were  either  taken  from  the  fabricators 
stock  or  supplied  by  ManLabs. 

B.  Material  Identification 


A  number  of  diboride  compositions  based  on  zirconium  and  hafnium 
diboride  were  designed  with  various  additives  to  improve  one  or  more  of  the 
following  properties  or  characteristics:  oxidation  resistance,  mechanical 
properties,  thermal  stress  resistance.  Compositions  selected  for  evaluation 
in  the  Phase  One  screening  are  provided  lu  Table  2.  Roman  numerals  are  used 
to  identify  phase  constitution  and  a  base  composition.  The  latter  was  changed 
for  some  materials  as  the  program  developed. 

C.  Material  Characterization 


1.  General  Powder  Characterization  Procedure* 


Physical  and  chemical  characterizations  specifically  ob¬ 
tained  for  zirconium  and  hafnium  diboride,  but  generally  applicable  in 
entirety  or  in  part  to  other  refractory  materials  include  the  following: 

(a)  Emission  spectro graphic  analyses  are  obtained  to 
check  qualitatively  the  presence  of  metallic  impurities  which  can  in  turn  be 
related  to  raw  materials,  powder  processing  or  particle  size  reduction.  The 
presence  of  hafnium  in  zirconium  compounds  and  particularly,  of  zirconium 
in  hafnium  compounds  is  generally  expected  as  1  to  3  per  cent;  careful  inter¬ 
pretation  of  emission  spectra  is  needed  to  distinguish  these  very  similar 
metals  and  estimate  their  relative  contents. 
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(b)  rh»mir*.l  xtalviM  are  obtained  for  the 

principal  metal  (Hf  or  Zr),  boron,  oxygen  and  carbon.  In  addition,  quanti¬ 
tative  analyse*  are  also  obtained  for  any  impurity  qualitatively  indicated  at 
0.1  per  cent  or  higher  by  the  emission  syiectm.  /i  pudbe  awn— y  is  cahulatnu 
for  tiie  powder  on  the  basis  of  the  chemical  analyses  and  other  characteriza¬ 
tion  results. 


(c)  X-ray  diffraction  analyses  are  used  to  identify  the 
diborid*  phase  and  major  impurity  phases  such  as  metal  oxides  and  metal 
carbide.  Light  element-containing  phases  such  as  boron  carbide,  although 
possibly  present  in  relative  large  amounts,  are  difficult  to  identify  in  the 
presence  of  metal  borides,  carbides  and  oxides. 

(d)  Powder  density  determinations  arc  generally 
performed  with  an  air  pycnometer.  The  powder  density  of  relative  high 
density  materials  such  as  hafnium  compounds  is  a  sensitive  measure  of  low 
density  impurities,  but  is  a  less  sensitive  measure  of  metal  oxide  and  car¬ 
bide  impurities  in  a  metal  boride  powder,  as  such  impurities  have  similar 
densities.  The  powder  density  is  also  important  for  comparison  with  the 
measured  density  of  billets  fabricated  from  these  powders. 

(e)  Powder  particle  sice  analyses  are  determined  for 
as-received  and  milled  materials.  The  principal  particle  sice  reduction 
method  used  thus  far  is  fluid  energy  milling  in  air.  The  particle  sice  dis¬ 
tribution  is  determined  with  U.  S.  Standard  Series  Screens  and  with  a  Hollar 
Particle  Sice  Analyzer.  The  latter  is  used  for  the  range  40  to  lp. 

(f)  Hot  pressing  characteristics  and  metallographic 
analysis  of  resulting  consolidated  billets  are  obtained.  The  minimum  condi¬ 
tions  of  time  and  temperature  (and  to  a  lesser  extent  pressure)  in  the  range 
1,000  to  4, 000  psi  reflect  the  presence  of  various  impurities  which  are  known 
to  enhance  the  densification  processes.  The  metallographic  phase  assay  inter¬ 
preted  in  the  light  of  possible  reactions  between  the  consolidation  powders  and 
the  hot  pressing  atmosphere  and  container  material  provide  a  comparison  to 
the  phase  assay  of  the  starting  powders.  Quantitative  chemical  analyses  for 
metal  (sirconium  or  hafnium)  boron,  carbon  and  oxygen  and  X-ray  phase  iden¬ 
tification  of  the  hot  pressed  billet  provide  an  indication  of  any  reactions  which 
occurred  during  consolidation.  High  pressure  hot  pressing  can  be  employed  to 
provide  dense  billets  for  metallographic  phase  assay  and  X-ray  analysis  for 
direct  comparison  with  powder  characteristics. 

(g)  Melting  point  and  solidus  temperatures  and/or  impurity 
phase  melting  temperatures  for  samples  obtained  from  the  hot  pressed  billets 
are  determined  by  a  direct  observation  method.  The  solidus  temperature  and/ 
or  the  melting  temperature  of  the  impurity  phase  is  a  particularly  good  technique 
to  confirm  minor  phase  identification.  The  melting  point  of  the  matrix  phase  pro¬ 
vides  an  indication  of  composition. 

2.  Plborlde  Materials 

Zirconium  and  hafnium  diboride  powders  have  been  obtained 
from  several  supplier-producer  companies  in  fifty  to  several  hundred  pound 
lots  to  provide  an  adequate  supply  of  a  given  lot  for  a  series  of  fabric,  tion 
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experiments.  Several  sources  were  considered  foi  joth  ZrB2  and  HfB2  in 
order  to  both  select  the  most  suitable  powder  and  to  gain  in£ormation  about 
the  relative  capabilities  of  these  producers.  Capabilities  of  particular  in¬ 
terest  include,  but  are  not  limited  to,  adherence  of  produced  materials  to 
purchase  order  specifications,  mainiainance  tU  UCilVC L  y  u hi. 

reproducibility  of  production  runs. 

Request  for  quotations  for  100  pound  lots  of  ZrB2  and  HfB2 
were  issued  to  U.  S.  Borax  Research  Corp. ,  The  Carborundum  Company, 

Wah  Chang  Corp.  and  Shieldalloy  Corp  (U.  S.  distributor  for  H.  C.  Starck 
Berlin).  Powder  procurements  were  initiated  with  100  pound  orders  of  ZrB2 
to  U.  S.  Borax  Research  Corp.  and  Shieldalloy  Corp. ,  100  pounds  of  HfB2 
to  Wah  Chang  Corp.  and  50  pounds  of  HfB2  to  Shieldalloy.  In  addition,  sam¬ 
ples  weighing  less  than  10  pounds  were  ordered  for  special  lots  of  lirB2  and 
for  production  runs  of  HfB?  from  U.  S.  Borax  Research  Corp.  Subsequently, 
a  second  100  pound  lot  of  ZrBg  and  a  400  pound  lot  of  ZrB2  were  procured 
from  U.  S.  Borax  Research  Corp.  A  three  hundred  pound  lot  of  HfB?  was 
ordered  from  Wah  Chang  Corp.  Extensive  delays  in  the  delivery  of  uitter 
has  required  that  the  order  to  the  Wah  Chang  Corp.  be  changed  to  100  pounds 
and  another  100  pound  order  has  been  placed  with  The  Carborundum  Company. 
Some  delays  have  also  been  encountered  in  the  preparation  of  acceptable  ZrB2 
and  HfBg  by  H.  C.  Starck.  These  delays  were  caused  in  part  by  the  attempts 
of  this  producer  to  rigidly  follow  an  early  set  of  diboride  powder  specifications 
which  restricted  the  boron  to  metal  ratio  to  the  range  1.7  to  1.9.  The  initial 
materials  produced  did  in  fact  have  a  boron  to  metal  ratio  of  1. 6  but  such 
material  could  not  be  synthesized  without  considerable  amounts  of  cubic  phase 
boride.  Alter  this  specification  was  relaxed,  an  acceptable  shipment  of  Zr£2 
was  prepared  and  delivered.  The  original  50  pound  order  of  HiBg  is  now  being 
reprocessed.  A  tentative  powder  specification  is  illustrated  in  Table  3.  A 
complete  powder  identification  chart  and  a  summary  of  procurement  status  are 
provided  in  Table  4. 

Detailed  characterisation  results  are  presented  in  Tables  5 
through  9  for  the  four  lots  of  ZrB2  a,u*  oue  *ot  °*  HfB2  which  have  been  used 
extensively  In  the  program.  Appendix  I  contains  a  summary  of  characterization 
results  for  the  lots  of  diboride  powders  which  were  obtained  in  sample  quanti¬ 
ties,  but  not  used  extensively  in  the  program;  appropriate  discussion  of  the 
results  and  the  reasons  for  rejecting  the  extensive  use  of  these  materials  are 
presented  therein.  Inspection  of  the  results  in  Tables  5  through  9  reveals  that 
oxygen  and  carbon  are  the  principal  impurities  in  the  diboride  powders.  The 
oxygen  is  present  in  the  metal  oxide,  and  the  carbon  is  present  as  metal  car¬ 
bide  for  metal  rich,  over-all  composition  or  as  boron  carbide  for  boron  rich, 
over-all  composition.  The  ZrB2  obtained  from  U.  S.  Borax  Research  Corp, 
contained  only  minor  quantities  of  hafnium;  the  material  from  Shieldalloy  con¬ 
tained  a  normal  amount  of  hafnium  (1  to  3  per  cent)  for  a  relatively  high  purity 
powder.  All  the  hafnium  diboride  material  examined  contained  1  to  3  per  cent 
zirconium.  Other  metallic  impurities  generally  conformed  to  the  powder  speci¬ 
fication,  viz.,  less  than  0.1  per  cent, 

3.  Additive  Materials 

The  additives  required  to  formulate  the  compositions  shown 
in  TaUe  2  include  silicon  carbide  powder  and  fibers,  hafnium  metal  powder, 
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hafnium  -tantalum  alloy  powder,  hafnium  suicide  powder,  boron  suicide  powder, 
Poco  graphite  powder  and  Thornel  25  graphite  fibers,  amorphorous  submicron 

nnw4>';  rJirnmiiim  nowihr  and  tnnoiton  filament.  Procurement  informa¬ 
tion  for  the  additive  materials  is  presented  in  Table  10.  Characterization  results 
are  provided  in  Tables  11  through  14. 

D.  Procurement  and  Characterisation  of  Hot  Pressed  Materials 

The  procurement  of  hot  pressed  billets  independent  of  those  prepared 
In  the  research  and  development  program  at  Avco,  originally  planned  for  a  later 
stage  of  the  program,  was  initiated  in  order  to  gain  earlier  assessment  of  the 
commercially  available  material  fabricated  from  a  particular  supplier's  diboride 
powder.  In  addition,  the  relatively  high  incidence  of  cracking  in  unalloyed  hot 
pressed  ZrB2  and  H£B2  experienced  in  the  present  program  (see  Section  IV)  dic¬ 
tated  an  investigation  of  the  hot  pressing  characterisitcs  of  the  same  powders  in 
another  hot  pressing  apparatus.  Accordingly,  two  six  inch  diameter  billets  of 
ZrB2  were  ordered  from  U.  S.  Borax  Research  Corp.  and  twelve  two  inch 
diameter  billets  of  ZrB2  were  ordered  from  The  Carborundum  Company.  The 
diboride  powder  materials  for  these  billets  were  specified  as  high  purity  materials 
to  be  supplied  by  the  respective  fabricator.  In  addition.  The  Carborundum  Com¬ 
pany  agreed  to  hot  press  powder  from  the  102  and  103  lots  of  ZrB2  powder  accord¬ 
ing  to  specified  conditions  of  pressure,  time  and  temperature  (optical). 

One  hot  pressed  billet  of  ZrB2,  six  inch  diameter  by  two  inch  high, 
was  received  from  U.  S.  Borax  Research  Corp.  and  forwarded  to  Avco  for  NDT 
confirmation  of  the  visually  observed  crack-free  surface  and  for  radiographic 
inspection.  The  Utter  evaluations  confirmed  the  abaeuce  of  surface  cracks  and 
showed  no  indication  of  gross  density  variations.  Subsequently,  the  NDT  measuring 
techniques  were  refined  and  re-examination  failed  to  show  any  irregularities. 


The  conditions  employed  by  Carborundum  for  the  fabrication  of  the 
two  inch  diameter  billets  are  presented  in  Table  15.  Characterization  results 
for  the  billets  are  also  provided.  The  results  of  the  NDT  evaluations  show  no 
Incidence  of  cracking  for  the  first  group  of  billets  prepared  from  the  102  and  103 
powders;  circumferential  cracks  were  observed  in  two  of  92%  dense  billets 
prepared  from  the  Carborundum  powder.  Both  single  billet  and 
triplicate  billet  pressings  were  performed  by  Carborundum.  The  six  billets 
preparsd  from  the  Carborundum  powder  were  fabricated  in  two  triplicate  pressings; 
the  six  billets  prepared  from  102  and  103  were  fabricated  by  individual  pressings. 
Two  final  triplicate  pressings  were  performed  using  conditions  to  produce  fully 
dense  billets  of  102  and  103  material.  All  six  billets  conUined  radial  cracks  of 
varying  severity;  two  billets  showed  cracks  running  across  the  entire  diameter. 

The  significance  of  these  results  is  discussed  in  Section  IV. 
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IV.  HOT  PRESSING 

A.  Fabrication  Conditions  and  Results 

.  _ t  4.1 _ \/t  vttt  X  s««ri  XII  were 

Diboride  specimens  iur  mmcn...  *  “•*  »»-#■•  •  - »  j-  rr 

fabricated  using  graphite  die  hot  pressing  techniques  described  in  Appendix  H. 

The  hot  pressing  conditions  and  results  for  each  material  arc  discussed  belo  . 

Air  pycnometric  powder  densities  were  measured  on  all  as-received 
powders:  these  values  were  used  as  the  theoretical  densities  or  as  a  basis  for 
calculating  theoretical  densities  for  powder  mixtures.  However,  , 

compositions,  the  powder  theoretical  density  was  not  equivalent  to  the  obaeried 
maximum  billet  density  apparently  due  to  phase  changes  durmghotpr  e  a  sing .  In 
those  cases  where  densities  higher  than  the  powder  theo r etical  de"0lty  !'cr *  . 

observed  in  fabricated  billets,  the  maximum  experimental  density T^wSfden- 
for  calculating  relative  densities.  Table  Ibpresentsa 

sities,  calculated  densities  for  Materials  III  through  VI,  VIII,  X  and  XII  and 
maximum  densities  obtained  to  date  for  all  materials  examined. 

1.  Material  1 

Table  17  lists  the  fabrication  conditions  and  results  for  billets 
fabricated  from  six  different  ZrB^  powders. 

The  mic restructure  of  Material  I  fabricated  from  the  03A 
powder  exhibits  a  marked  difference  from  that  fabricated  from  GZA  powder.  The 

of  th.  wo  powder,  ar.  .1.0  diff.r.nt,  Th.  ^rnanaot 
impurity  phase  in  billets  of  the  03A  powder  is  a  dark  gray  zirconium  dioxide 
with  a  reflectivity  similar  to  that  shown  by  the  5  v/o  ZrC>2  additive  in  billet 
I02A  DO 302.  The  oxide  impurity  phase  in  I03A  billets  is  distributed  in  two  way** 
small  1  to  5  micron  singularities  and  large  grains  closely  aPPr£achl1?*  * 
size  of  the  ZrB,  matrix.  Figure  l.  An  orange  zirconium  carbide  PhaBe  l“^ 
served  in  both  &e  I02A  and  I03A  materials.  This  carbide  phase  is  distributed 
isolated  patches  in  billets  of  either  powder. 

A  quantitative  raetallographic  phase  distribution was  < 
on  sample  I03A  D0308.  The  gray  and  black  phases  were  co^t®d^*eiJhi°r^ficult 
of  the  tendency  for  the  gray  oxide  phase  to  pull  out  duringpolishing.it  is^fficult 
to  metallocraphically  distinguish  between  residual  poroBity  and  pulled  out  lm 
puritv  phaues.  The  bulk  density  of  this  sample  was  6.05  gm/cc  which  was  sUg  t  y 
(treater  than  the  pycnometric  density  for  IQ3A  powder  (6.038  gm/cc).  Accordingly, 
it  wa.  ..™m.d  o..en dally  a.ro  por.  ph...  wa.  pr«..nt.  Th.  combing  con¬ 

centration  of  the  ZrO,  aad  ZrC  pha.e.  are  higher  by  approximately  Vh  in  billet 
I03A  D0308  than  in  billet  I02A  DQ283,  Table  18. 

A  number  of  fabrication  runs  with  roughly  equivalent  time  cycles 
at  f.mruiratiiTc  and  pressure  are  compared  in  terms  of  relative  density  * 

function  of  temperature  for  Materials  I02A  and  V02A,  Figure wL'lOZA^presTinas  was 
I03A  and  V03A,  Figure  3.  The  fabrication  time  for  the  103A  and  I02A  pre  # 

60  minutes  at  each  indicated  temperature.  The  data  in  these  figures  show  that  the 
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IO?A  nnwrior  densifies  more  rapidly  than  the  IOZA  powder;  this  behavior  may  be 
attributed  to  the  higher  impurity  phase  comem.  The  Impurity  phases  cov*1^ 
as  a  high  diffusivity  or  plastic  phases  for  enhanced  densification  by  either  of  the 
two  moii  (MUMub  pressure  mechanisms;  stress  directed  diffusion 

or  plastic  flow.  (The  densification  of  Material  V  will  be  discussed  in  a  subse¬ 
quent  section.) 


Four  additional  experiments  were  conducted  to  verify  the  effect 
of  second  phases  on  the  densification  behavior  of  Material  1,  Table  19.  Billets 
102A  D0302  and  I02A  D0303  containing  intentional  5  w/o  additions  of  ZrC>2  and 
ZrC,  respectively,  were  consolidated  to  essentially  theoretical  density  under 
conditions  which  resulted  in  90%  relative  density  for  the  as-received  102A  powder 
(cf. ,  102A  D0613).  It  appears  that  increased  oxide  or  carbide  content  in  ZrB2 
powder  facilitates  consolidation  by  hot  pressing. 

Two  pressings  of  Material  X02A  were  made  with  ZrO?  additions 
as  a  means  of  assessing  the  possible  effects  of  the  crystal  structure  of  the  ZrC>2 
phase  which  is  often  present  in  Material  1  compositions.  Pure  ZrC>2  undergoes 
a  monoclinic  to  tetragonal  phase  inversion  at  approximately  1000°C  which  is 
accompanied  by  i  large  volume  change.  The  occurrence  of  this  inversion  within 
a  diboride  matrix  could  be  the  source  of  cracking  or  high  residual  stresses. 
Stabilization  of  cubic  ZrOg  can  be  effected  by  additions  of  6  to  12  mole  per  cent 
of  certain  materials  of  whuch  T7O3  is  one  of  the  more  common.  Stabilized 
ZrOj-Y^Oj  was  added  to  pressing  102A  D0504  while  pure  ZrOj  was  used  in 
102A  D050S.  By  a  visual  inspection  both  billets  appeared  uncracked  after  proces¬ 
sing,  but  during  the  course  of  the  NDT  inspection,  the  billets  were  heated  in  an 
oven  at  200°C  to  drive  off  some  cleaning  solvent.  At  this  time  billet  I02A  D050S 
crack  i  which  indicates  that  high  residual  stresses  were  present.  These  limited 
experiments  suggest  that  the  crystal  form  of  the  Zr02  phase  could  be  an  important 
factor  in  controlling  the  incidence  of  cracking  and  possibly  even  the  strength  of 
the  fabricated  billets.  It  is  important  to  note  that  the  HfC>2  phase  undergoes  an 
analogous  transformation.  Accordingly,  the  impurity  phase  structure  could  also 
be  a  source  of  residual  stresses  in  HfB2  base  materials. 

Several  other  Material  I  powders  were  employed  to  a  limited 
extent  in  Phase  One  of  the  program.  Billets  using  powders  104  from  U.  S.  Borax, 

105  from  Shieldalloy,  106  from  U.S.  Borax  and  107  from  U.S.  Borax  were  hot 
pressed  and  are  included  in  Table  17.  The  107  powder  is  being  used  as  the  major 
source  of  zirconium  diboride  for  Phases  Two  and  Three.  The  effect  of 
fluid  energy  milling  is  demonstrated  by  comparing  billets  107  D0628F  and  107  D0589; 
the  particle  size  reduction  effected  through  the  milling  led  to  enhanced  densifica¬ 
tion.  The  fluid  energy  milled  107  powder  achieved  100%  density  at  a  lower  tempera¬ 
ture  and  shorter  time  than  the  unmilled  powder.  Similar  effects  of  particle  size 
reduction  were  noted  for  fluid  energy  milled  I02A  and  103A  powders,  e.g. ,  billets 
I02A  D0345F  and  1G3A  D0314F.  It  is  not  clear  whether  the  milling  fractures  single 
crystal  diboride  grains  or  breaks  up  polycrystalline  agglomerates  in  the  as-received 
powders. 

Metallographic  phase  analyses  were  performed  on  the  addi¬ 
tional  material  microstructures.  Material  104  contains  the  smallest  amount  of 
second  phase  of  all  the  ZrB2  fabricated;  about  7  volume  per  cent  of  a  light  gray 
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phase.  Material  105  contains  two  impurity  phases,  between  3  to  9  volume 
per  cent  gray  ZrOj  and  1 1  to  14  volume  per  cent  orange  phase;  these  phases 
— -?  well  nmallnr  than  the  boride  grains.  The  105  DOWder 

was  reprocessed  by  Shieldalloy  with  the  result  that  105A  material  has  no  measur¬ 
able  second  phase.  Material  106  exhibited  a  gray  second  phase  which  was  distri¬ 
buted  as  in  the  103A  microstructure.  Hoi  pressed  Material  IC?  often  shows  a 
grain  orientation  such  that  the  length  of  the  tabular  grain  is  orthogonal  to  the 
direction  of  pressing.  Otherwise,  Material  107  appears  similar  to  I03A,  but 
contains  a  little  more  of  the  orange  phase  and  less  gray  phase.  In  terms  of  the 
hot  pressing  behavior  the  107  is  easily  densified  to  100%  density  at  conditions 
comparable  to  those  employed  with  the  I03A  powder. 

2.  Material  V 


Billets  of  Material  V  (ZrB2  4  SiC)  were  fabricated  with  the  con¬ 
ditions  and  results  listed  in  Table  20.  The  ZrB^  and  SiC  powders  were  dry  mixed 
in  a  shaker  mill.  *' 


Typical  microstructures  developed  by  hot  pressing  are  shown 
in  Figures  4,  5,  6  and  7.  Figure  4  illustrates  the  extent  of  mixing  of  the  SiC 
phase.  In  general,  the  phases  are  well  dispersed,  but  several  small  patches 
rich  in  SiC  or  ZrB2  are  apparent.  Figure  5  demonstrates  that  very  few  SiC 
particles  are  trapped  within  the  ZrB2  grains.  Some  SiC  agglomerates  are  ap¬ 
parent,  but  it  is  doubtful  that  this  feature  could  be  avoided  at  this  high  level  of 
additive  concentration  (20  v/o).  Figures  6  and  7  show  the  reduced  amount  of 
the  impurity  phases  in  Material  V  relative  to  the  amounts  observed  in  the  un¬ 
alloyed  Material  1.  It  is  thought  that  the  impurities  are  ‘gettered*  by  the  SiC  phase; 
a  similar  result  was  found  for  the  HfB2~SiC  system  as  is  discussed  in  Section  IV.  A7. 
There  was  little  tendency  for  radial  cracking  in  the  pressed  billets  of  this  material. 

The  base  composition  Btudied.  in  Material  V  contains  20  v/o 
SiC.  However,  a  series  of  billets  were  fabricated  where  the  composition  of  the 
silicon  carbide  was  varied  from  5  to  50  v/o  in  a  mixture  with  the  02A  ZrB£  powder. 
The  amount  of  impurity  phases  present  after  hot  pressing  was  determined  metallo- 
graphically.  The  9  to  10  v/o  impurity  phases  in  the  I02A  powder  were  reduced 
to  less  than  2  v/o  by  hot  pressing  the  diboride  powder  with  SiC  additions.  The 
quantity  of  diboride  impurity  phase  remaining  as  a  function  of  the  volume  per  cent 
SIC  is  given  in  Figure  8  ;  a  minimum  is  observed  at  10  to  15  v/o  SiC. 

The  impurity  phases  remaining  in  Material  V  do  not  appear  to 
wet  the  SiC,  but  are  generally  observed  as  partially  penetrating  the  diboride  grain 
boundaries,  Figure  6.  Since  the  impurity  phases  are  nonwettihg  with  respect  to 
the  SiC  it  is  assumed  that  the  reduction  in  the  impurity  phase  content  is  due  to  a 
chemical  reaction  (gettering)  rather  than  a  physical  change  such  as  the  formation 
of  a  thin  film  surrounding  the  SiC  grains.  A  higher  per  cent  of  impurity  phases 
is  found  in  V03A,  Figure  7,  as  compared  to  V02A,  Figure  5,  due  to  the  higher 
impurity  content  of  103A  compared  with  102A.  A  special  series  of  billets  were 
hot  pressed  containing  large  amounts  of  the  presumed  impurity  phases,  ZrQ2  and 
ZrC,  in  an  effort  to  understand  the  phase  changes  occurring  during  the  fabrica¬ 
tion  of  Material  V.  The  compositions  and  pressing  conditions  of  these  billets  are 
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given  in  Table  21.  The  two  component  mixtures  of  5iC-20  v/o  ZrC  and  SiC-20  v/o 
ZrO?  were  hot  pressed  to  study  possible  analogous  impurity  phase-SiC  carbide 
reactions  Mitcrinl  V  X-ray  diffraction  patterns  confirmed  the 

absence  of  extraneous  impurities  in  the  powder  mixtures  in  Table  21.  After  hot 
pressing,  the  sirconia  phase  was  not  detected  by  X-ray  analysis.  However, 

ZiSi2  and  ZrC  phases  were  identified  in  uill©i.  120624;  this  billot  did  net  contain 
these  phases  in  the  starting  powders. 

The  uJ.c restructures  of  the  hot  pressed  billets  listed  in  Table  21 
were  analysed  by  microhardness  measurements  and  metallographic  techniques 
and  the  results  are  given  in  Table  22.  Billet  D0624  prepared  from  ZrO>  and  SiC 
powders  contains  three  distinct  phases  identified  as  ZrSi?,  ZrC  and  SiC.  A  dark 
gray  high  hardness  phase  present  as  the  major  phase  is  sic.  The  hardness  values 
on  the  two  other  phases  indicate  that  the  white  phase  is  ZrSig,  but  the  value  for 
the  third  phase  of  gray  color  does  not  agree  well  with  the  accepted  values  for  ZrC. 
Etching  helped  to  confirm  the  identification  since  ZrSi?  and  SiC  do  not  react  in 
concentrated  nitric  acid  whereas  ZrC  is  etched.  Similar  results  were  obtained 
with  concentrated  sulphuric  acid  as  the  etchant.  When  a  mixture  of  hydrofluoric 
and  nitric  acid  was  used  on  billet  D0624,  both  the  ZrC  aud  SiC  phases  were  etched 
leaving  the  ZrSig  still  unaffected. 

Billet  D0626  prepared  from  the  high  purity  05A  ZrB2» 
and  SiC  produced  the  same  type  of  reactions  as  billet  D0624  during  hot  pressing. 
The  resulting  micro  structure  contains  four  phases,  ZrC,  ZrSi2  ancl  SiC  with  ZrB2 . 
The  microstructures  of  billets  D0624  and  D0626  are  shown  in  Figures  9  and  10. 

The  ZrSig  phase  morphology  suggests  molten  phase  formation  during  fabrication. 

Billet  V03A  DO 47 3  was  examined  for  the  ailicide  phases  by 
electron  diffraction  using  an  extraction  replication  technique.  Two  phases  were 
identified,  Z^Si  and  a  Zr-B-Si  ternary  D8g  phase  as  reported  by  Brukl  (  6  ).  The 
lower  silicide  could  be  expected  to  form  in  the  CO  reducing  atmosphere  oTTtot 
pressing  in  the  preeence  of  SiC  with  a  small  concentration  Df  Zr02.  Furthermore, 
it  is  reasonable  that  a  ternary  could  be  formed  when  ZrB2  is  present.  These 
compounds  with  ZrB2  have  minimum  incipient  melting  temperatures  of  2312° C  (6). 
The  ternary  silicide  may  be  the  phase  which  is  found  when  billets  have  'reacted*- 
during  hot  pressing  due  to  exceeding  the  temperature  of  2312°C.  In  addition  to 
die  silicide  s, ZrC  should  be  formed  due  to  the  CO  rich  hot  pressing  atmosphere; 
the  special  compositions  substantiate  this  supposition. 

The  orange  phase  often  found  in  Material  1  was  never  observed 
in  any  of  the  special  materials,  D0623  through  D0627.  This  orange  phase  is  be¬ 
lieved  to  be  a  sirconium  carbide  containing  some  boron.  The  lack  of  consistancy 
in  observing  the  orange  phase  may  be  attributed  to  a  high  dependence  of  color 
on  stoichiometry.  It  has  also  been  suggested  that  the  orange  phase  is  a  complex 
sirconium  boride  with  oxygen(7).  The  electron  beam  microprobe  analyses  per¬ 
formed  by  M&nLiabs  contradic.FThis  latter  assumption,  but  supports  the  mono¬ 
carbide  containing  boron  theory. 


The  influence  of  the  20  v/o  addition  of  SiC  on  the  hot  pressing 
characteristics  of  ZrB2  is  illustrated  in  Figures  2  and  3.  The  relative  densities 
of  hot  pressed  02A  and  03A  powders  with  and  without  SiC  additions  are  compared 
for  similar  fabrication  conditions.  The  data  demonstrate  that  the  addition  of  SiC 
enhances  the  densification  of  zirconium  diboride  during  hot  pressing. 

Several  problems  were  encountered  during  the  early  fabrication 
of  the  large  plates  {5-3/4  inch  squares)  of  Material  V;  billet  V02A  Q2206  cracked 
during  extraction  from  the  die  although  the  billet  iB  fully  dense  and  the  SiC  phase 
is  uniformly  dispersed;  billet  V02A  Q2221  is  less  dense  than  was  desired,  92.5% 
and  contains  a  low  density  2  inch  diameter  central  core;  the  edge  of  the  billet 
V02A  Q2225  was  contaminated  by  the  BN  mold  wash.  In  this  last  case,  the  BN 
wash  must  have,  scraped  off  the  die  wall  during  the  initial  compaction  and  mixed 
with  the  loosely  packed  V02A  powder.  These  early  problems  have  been  overcome 
and  fully  dense  large  plates  of  Material  V  are  now  made  reproducibly,  Table  20. 

3.  Material  VXU 


The  Material  VIII  hot  pressing  conditions  and  results  are  listed 
in  Table  23.  Two  lots  of  ZrB2  were  used,  the  02A  and  the  07  powder  and  the 
graphite  was  introduced  in  one  of  three  forms,  Poco  graphite,  Regal  carbon  or 
Aqua  dag  carbon.  In  many  instances  the  billet  density  exceeds  the  theoretical 
depsity  for  the  powder  mixture  indicating  that  a  change  in  the  chemistry  has 
occurred.  However,  no  attempt  has  been  made  to  determine  the  identity  of  the 
phases  in  the  hot  pressed  microstructure.  Figure  11.  The  small  grain  size, 
about  4p  and  the  relatively  poor  mixing  of  the  SiC  with  the  ZrB2»  shown  in 
Figure  11  is  typical  of  Material  VIH.  Figure  12  shows  the  microstructure  of 
Material  VUI  containing  Regal  graphite;  an  impurity  phase  reminiscent  of  that 
found  in  Material  V03A,  Figure  8  is  observed. 

Billets  3  inches  diameter  and  5-3/4  inches  square  were  fabricated 
from  this  material.  A  variable  density  in  the  large  plate  VUI07  Q2301L>  was 
indicated  radiometrically  suggesting  that  there  is  a  segregation  of  the  phases 
during  handling  as  powders. 

4.  Material  X 


The  hot  pressing  conditions  and  results  for  the  four  billets  of 
Material  X  are  listed  in  Table  24.  The  limited  availability  of  suitable  SiB^  powder 
required  for  this  material  has  precluded  further  fabrication.  As  in  the  case  of 
Material  VIII  the  high  density  of  billet  X07  D0635  indicates  that  the  SiB^has  re¬ 
acted  with  the  ZrBoi  theoretical  density  of  Material  X  is  5.25  gm/cc.  The 
microstructure  of  billet  X07  D0596,  Figure  13  shows  a  third  phase  present  which 
appears  to  have  been  liquid  during  hot  pressing;  a  homogeneous  distribution  of 
phases  was  developed  in  this  billet.  However,  the  microstructure  of  billet  X07 
D0597,  Figure  14  contains  large  aggregates  of  both  the  matrix  and  additive 
phases.  Additional  billets  are  scheduled  to  be  hot  pressed  and  phase  analyses  of 
Material  X  will  be  performed. 
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Material  XU 


The  Material  XII  hot  preaeing  conditions  and  results  are  listed 
in  Table  25.  It  was  found  that  the  Poco  graphite  powder  could  be  mixed  more 
easily  than  the  Regal  grade.  The  mic restructure  of  billet  XU(20)07  D0603, 
Figure  15  with  segregation  of  the  phases  is  typical  of  a  billet  made  with  Regal 
carbon.  In  comparison,  Figure  16  indicates  how  the  Poco  powder  mixes  well 
to  form  evenly  distributed  phases  throughout  the  material.  At  2100°C,  the 
powder  mixture  was  found  to  react  forming  a  liquid  phase  clearly  visible  in  the 
resulting  microstructure  as  a  gray  third  phase.  After  hot  pressing  at  2050°C 
only  a  few  areas  can  be  found  containing  a  gray  phase.  It  has  been  reported  (8) 
that  ZrBj  forms  eutectic  type,  pseudo  binary  with  graphite  at  2390°C.  A 
fine  grain  material  is  produced  at  2050°C,  the  smallest  obtained  for  any  ma¬ 
terial  in  the  program.  Comparatively  longer  pressing  times  are  required  for 
complete  densification.  The  material  containing  Poco  graphite  is  more  difficult 
to  densify  than  the  Regal  carbon  material. 

6.  Material  U 


The  Material  11  hot  pressing  conditions  and  results  are  listed 
itt  Table  26.  Several  hafnium  diboride  powders  were  employed  for  hot  pres¬ 
sing  experiments;  powder  lot  H05,  from  Wah  Chang,  has  been  the  principal 
source  of  powder  for  Material  II  fabrications.  Pressing  1105  D0316,  99.3% 
dsnse,  contains  at  least  one  and  possibly  two  impurity  phases  shown  in 
Figure  17.  The  major  gray  impurity  phase  which  tended  to  pull  out  during 
metallographic  polishing,  occurred  in  both  irregular  and  spherical  shaped 
grains  between  2  and  30  microns  in  size.  A  minor  grain  boundary  impurity 
phase,  which  was  apparently  liquid  during  fabrication  was  observed  in  billets 
fabricated  at  2200°C.  The  quantitative  metallographic  phase  analysis  of 
billet  1105  D03L6  is  presented  in  Table  27.  The  hot  pressed  microstructure 
contains  about  8  v/o  of  impurity  phases  principally  consisting  of  a  cubic  hafnium 
bo  r  oca  r  bide . 


The  1106  powder,  from  Shieldalloy,  had  a  high  impurity  content 
which  was  manifested  by  approximately  31  v/o  impurity  phases  in  the  hot  pressed 
bille  t.  A  finely  divided  gray  phase  (17  v/o)  and  large  areas  of  a  very  dark  gray 
to  black  phase  (14  v/o)  which  had  a  grain  sice  of  the  same  order  as  the  boride 
phase  was  observed.  The  high  level  of  impurities  in  the  1106  powder  aided  the 
densification  of  the  material;  full  density  could  be  obtained  at  1950°C  compared 
with  2160°  to  2200°C  required  for  the  1105  powder.  The  high  impurity  phase 
content  correlates  with  the  high  carbon  and  oxygen  levels  in  both  the  1106  powder 
and  the  fabricated  billets. 

The  1107  powder,  from  U.  S.  Borax,  was  used  for  one  hot 
pressing  and  there  were  indications  that  a  reaction  occurred  during  the  fabrica¬ 
tion.  The  microstructure  was  examined  and  the  billet  contained  approximately 
15  v/o  of  a  nonwstting  grain  boundary  phase, 


The  1108  powder,  also  from  U.S. Borax,  gave  a  microstructure 
with  a^pfUjiiuMiely  5  v/o  second  phase  located  at  the  grain  boundaries.  This 
powder  was  hot  pressed  to  high  density  under  comparable  conditions  to  those  em¬ 
ployed  with  the  1105  powder. 

7.  Materials  111  and  IV 


The  hot  pressing  conditions  and  results  for  the  HfBg-SiC  compo¬ 
sitions,  Materials  111  and  IV  are  presented  in  Tables  28  and  29  respectively. 

These  powders  were  dry  mixed  in  a  shaker  mill. 

The  microstructures  produced  for  fully  dense  billets  of  Materials 
111  and  IV  are  shown  in  Figures  18  and  19.  The  impurity  phases  in  Materials  111 
and  IV  have  decreased  from  the  8  v/o  level  present  in  the  1105  billets.  This  phenom¬ 
enon  is  verified  in  the  quantitative  metallographic  data  reported  in  Table  27.  The 
impurity  phase  still  remaining,  occupies  a  position  adjacent  to  the  SiC  phase,  and 
from  the  apparent  contact  angle  (>90°),  it  appears  to  be  nonwetting.  There  is 
further  evidence  that  the  impurity  phases  are  gettered  by  the  SiC  rather  than  oc¬ 
cupying  some  other  position  such  as  surrounding  the  SiC  in  a  thin  film  which  would 
require  a  contact  angle  of  <90°.  Similar  to  the  observations  on  Material  V,  this 
gettering  of  tke  oxide  and  carbide  impurity  phases  by  the  silicon  carbide  addition 
may  be  significant  in  enhancing  the  mechanical  properties.  The  SiC  phase  in 
Material  IV  is  well  dispersed,  but  because  of  the  high  percentage  of  additive  in¬ 
volved  there  are  many  aggregates  containing  several  SiC  grains. 

It  is  possible  to  determine  the  effect  of  the  SiC  on  the  hot 
pressing  characteristics  of  HfBg  by  comparing  hot  pressing  results  for  Materials 
11  and  III.  The  relative  densities  of  these  materials  hot  pressed  at  equivalent 
temperatures  and  pressure  and  similar  times  are  presented  in  Figure  20.  The 
SiC  significantly  aids  the  densification  of  HfB2  as  well  as  acting  as  a  getter  for 
the  impurities.  One  striking  feature  of  microstructures  of  the  SiC  alloys  of  both 
ZrBg  and  HfBg,  that  may  account  for  the  enhanced  densification  behavior  over 
the  unalloyed  materials,  is  their  much  smaller  grain  Size.  Diffusion  models  for 
densification  during  hot  pressing  (including  Nabarro-Herring  creep)  are  favored 
by  a  small  particle  size.  The  SiC  phase  may  serve  to  restrict  grain  growth  and 
thereby  promote  densification. 

Finally,  it  is  interesting  to  note  that  the  decrease  of  the  impurities 
in  Materials  Ill,  IV  and  V  is  accompanied  by  enhanced  densification  whereas  in 
Materials  1  and  ll  impurity  phases  appear  to  enhance  densification.  There  are 
evidently  several  factors  which  affect  the  rate  of  densification  and  the  addition  of 
SiC  to  the  base  materials  may  serve  to  influence  more  than  one  of  these  factors. 

8.  Material  VI 

The  first  hot  pressings  of  Material  VI  were  performed  with  a 
powder  mixture  of  96  v/o  HfBj  and  4  v/o  of  an  Hf"27Ta  alloy.  Table  30,  The  com¬ 
ponent  powders  were  dry  mixed  in  a  tungsten  carbide  ball  mill  at  ManL&bs.  The 
air  pycnometric  density  of  this  composition  is  10.89  gm/cc.  However,  one  of  the 
first  three  hot  pressings  prepared  had  a  density  of  10.97  gm/cc.  The  three 
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pressings  o £  Matariki  VI  gave  relative  densities  ox  ICG,  91  <wu  S2%.  Similar 
fabrication  conditions,  produce  equivalent  densities  for  Material  II,  The  4  v/o 
addition  of  the  hafnium- tantalum  alloy  does  not  improve  the  hot  preusing 
characteristics  of  hafnium  diboride,  1105.  Billet  VIOS  D0462  (fully  dense)  con¬ 
tains  three  phases  as  shown  in  Figure  21.  The  major  gray  impurity  phaae 
normally  found  in  Material  1105  ia  present,  although  the  minor  grain  boundary  phase 
is  not  observed.  A  quantitative  metallographic  phase  determination  for  sample 
V105  DO 46 2  is  given  in  Table  31.  The  hafnium- tantalum  alloy  addition  lowered  the 

Srey  phase  concentration  from  7.8  to  1.7  v/o;  this  is  similar  to  the  effects  of  the 
1C  additions  to  ZrB2  and  HfBz.  Billets  VI05  DQ461  and  V105  DO 4b  2  exhibited 
different  hafnium- tantalum  alloy  phase  morphology.  In  billet  VI05  D0462  the  Hf-Ta 
phase  was  located  as  isolated  widely  spaced  grains  of  about  the  same  size  as  the 
matrix,  whereas  ia  specimen  V105  D0461,  this  phase  possessed  a  similar  spacing 
and  size,  but  contained  tine  precipitates.  Knoop  microhardness  values  (100  gram 
load)  of  the  HfB?  matrix  phase  and  the  gray  Hf-Ta  phase  (no  apparent  precipitates) 
were  measured  in  billet  V105  DO 4b 2  with  resultant  values  of  2380  and  2650  Kg/mmz, 
respectively.  The  high  hardness  of  the  phase  produced  by  the  additive  indicates 
that  the  Hf-Ta  has  undergone  a  chemical  conversion  during  fabrication,  probably 
to  a  boride  or  a  borocarbide  of  these  metals. 

B.  Furnace  Variables  and  Process  Control 

The  hot  pressing  furnace  used  for  the  fabrication  of  the  2  and  3inches 
diameter  billets  is  described  in  detail  in  Appendix  II.  The  fabrication  of  larger 
billets  in  the  program  is  conducted  on  a  scaled-up  version  of  the  same  apparatus. 

Below  about  2000°C  the  operating  parameters,  including  temperature, 
pressure,  and  rate  of  denaificatioa  can  be  controlled  adequately  so  that  reproducible 
materials  can  be  obtained.  However,  when  2000°C  is  exceeded,  the  lowering  of 
the  creep  resistance  of  graphite  now  makes  close  control  more  difficult  to  obtain. 

It  is  precisely  within  this  range  of  temperature  (above  2bOO°C)  where  borides  can 
be  successfully  hot  pressed:  this  explains  why  some  specimens  are  not  reproduci- 
bly  densified  even  within  a  series  of  seemingly  identical  hot  pressings „  To  add 
to  the  difficulty,  the  temperature  of  the  material  being  hot  pressed  cannot  be 
measured  directly  and  optical  sightings  are  made  on  a  point  within  the  graphite  mold 
away  from  the  sample.  Temperature  is  measured  continuously,  however,  to 
monitor  power  input.  It  is  important  to  note  therefore  that  the  temperatures  re¬ 
corded  for  hot  pressing  can  only  be  used  for  comparisons  between  the  hot  pressing 
characteristics  of  various  materials.  Even  this  relationship  is  in  question  when 
different  furnace  configurations  have  been  used.  However,  the  hot  pressing  temp¬ 
erature  must  be  regarded  me  only  an  approximation  when  compared  to  the  true 
temperature  of  the  billet,  or  the  temperatures  measured  in  the  various  tests  per¬ 
formed  in  the  program. 

Finally,  it  has  been  found  that  in  a  typical  graphite  hot  pressing  assem¬ 
bly  the  atmosphere  found  in  the  region  of  the  billet  is  reducing  above  10Q0°C  and 
consists  of  a  CO  rich  CO/CO?  mixture.  Carbon  rich  phases  are  likely,  therefore, 
to  predominate  in  an  equilibrium  environment. 
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Nondestructive  Testing 


Billets  fabricated  in  the  first  45  hot  pressings  of  Materials  1  and  II 
showed  a  high  incidence  (15%)  of  cracking.  Consequently,  s.  crack  detection 
screening  program  was  initiated  through  the  Avco  Nondestructive  Testing  Section 
under  a  separate  program  (4).  The  primary  purpose  of  this  NDT  program  is  to 
identify  the  presence  of  cracks  in  the  hot  pressed  billets  in  order  to  allow  par¬ 
ticular  materials  and  billets  to  be  chosen  for  the  mechanical  and  oxidation 
screening  programs.  Approximately  90%  of  the  billets  fabricated  were  tested 
in  the  following  manner: 

1.  fluorescent  dye  penetrant  for  crack  detection  and 
surface  inhomogeneitics; 

2.  ultrasonic  freon  bath  cleaning  for  removal  of  dye 
penetrant  to  check  for  open  porosity  and 

3.  radiography  for  density  gradients  (with  either  the 
Avco  150  KV  machine  or  the  A.  Green  Company 

1  MEV  machine). 

Almost  without  exception,  the  compositions  containing  SiC  for  both  ZrB?and  HfBjj 
base  materials  exhibit  no  cracking.  The  graphite  die  wall/diboride  and  BN 
wash/diboride  reactions  that  often  occur  appear  to  be  associated  with  the  high 
density  rim  detected  by  radiography. 

Information  concerning  the  source  of  cracks  was  obtained  by  making 
correlations  with  Materials  I  and  II.  The  parameters  considered  and  the 
corresponding  incidences  of  cracking  are  given  in  Table  32.  Certain  powders 
show  a  greater  incidence  of  cracking,  namely,  the  I03A  and  the  If06  pressings. 
This  indicated  that  within  each  material  category  the  powder  with  the  most  im¬ 
purities  has  the  higher  tendency  for  billet  cracking.  An  etched  microstructure 
of  10 3A  D0415,  Figure  22,  exhibits  cracks  radiating  from  an  oxide  inclusion. 

The  strong  indications  of  the  importance  of  powder  chemistry  on  the  tendency  for 
cracking  is  supported  by  the  results  in  Materials  Ill,  IV  and  V.  The  addition  of 
SiC  reduces  the  volume  of  impurity  phases  to  less  than  2%  and  virtually  elim¬ 
inates  the  cracking. 

It  was  not  possible  to  make  any  other  correlations  between  processing 
parameters  or  mic restructure  and  the  incidence  of  cracking;  primarily  due  to 
the  small  sampling  within  each  powder  lot.  The  data  for  the  different  powder  lots 
could  not  be  combined  (for  example,  to  study  the  effect  of  billet  density  on  crack¬ 
ing)  due  to  the  complicating  effects  of  powder  chemistry. 

The  nondestructive  testing  program  was  extended  on  billets  examined 
after  number  00599  in  the  following  ways.  A  small  ground  V-mark  notch  was 
ground  on  one  edge  of  each  billet  and  all  subsequent  tests  were  referred  to  this 
datum  mark.  If  an  area  of  anomalous  density  showed  during  radiography,  the 
billet  could  be  cut  accurately  to  show  what  caused  the  discrepancy.  During  the 
machining  for  metallography,  another  cut  was  added  to  the  billet  so  that  a  bar  is 


cut  across  the  diameter  and  a  view  through  the  billet  can  be  made  radiographi¬ 
cally  as  shown  in  Figure  23.  In  addition  to  the  radiography  and  die  penetrant, 
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measurements  to  assess  variations  in  these  parameters  at  different  locations 
within  each  billet.  A  fixed  array  of  points  shown  in  Figure  24  was  oriented  with 
respect  to  the  notch  datum  point  for  each  billet  and  the  measurements  were 
taken  for  each  indicated  point.  The  array  of  points  used  was  taken  along  four 
diameters  spaced  at  regular  intervals  of  45°.  This  fine  structure  in  density, 
velocity  and  conductivity  was  plotted  for  all  billets  subsequent  to  D0597  as  indicated 
in  Figures  25  and  26.  These  results  were  used  in  the  analysis  of  a  particular 
billet  and  will  not  be  reported  in  detail  here. 


V.  EXPLORATORY  FABRICATION 


Hot  forging,  plasma  spraying,  sintering  and  the  fabrication  of  filament 
composite  studies  were  initiated  in  order  to  explore  the  utility  of  these  methods 
for  consolidating  diboride  uutcxiali . 

A,  Hot  Forging 

Two  hot  forgings  were  conducted  in  a  hot  pressing  furnace  identical 
to  that  utilized  for  hillet  fabrication  except  that  Poco  graphite  pistons  were  used. 

A  previously  hot  pressed  specimen  was  core  drilled  to  1.5  inches  diameter  and 
forged  with  the  conditions  and  results  listed  in  Table  33. 

The  first  experiment,  billet  105  D0463,  was  not  a  true  forging  be¬ 
cause  the  starting  billet  was  only  79%  dense,  thus,  much  of  the  forging  reduc¬ 
tion  may  be  attributed  to  further  densification.  However,  billet  I03A  D0466  was 
fully  dense  and  subsequent  forging  resulted  in  a  16%  height  reduction.  This 
height  reduction  did  not  show  any  microatructural  texturing  and  probably  would 
not  effect  properties;  additional  hot  forging  work  has  been  scheduled  for  several 
diboride  compositions. 

B.  Plasma  Spraying 

Preliminary  plasma  spraying  of  diborides  was  accomplished  using 
an  Avco  Model  PG-LOO  spray  gun.  Argon  carrier  gas  was  used  and  a  variety  of 
substrates  were  employed.  Nine  sprayingB  of  Material  I  and  one  spraying  of 
Material  II  were  performed  with  the  conditions  and  results  given  in  Table  34. 

The  metal  substrate  surfaces  were  prepared  for  plasma  spraying  by 
grit  blasting  with  0.062  inch  steel  shot.  The  bonding  between  coating  and  sub¬ 
strate  remained  intact  for  all  runs  except  102A  P0162  where  the  coating  readily 
peeled  off  the  substrate.  Poor  surface  cleaning  could  give  rise  to  a  low  joining 
efficiency.  The  strainless  steel  substrates  were  cylindrical  and  were  rotated  at 
approximately  300  rpm  during  spraying.  The  other  substrates  were  flat  and  the 
gun  was  traversed  during  the  operation. 

The  coatings  made  with  a  5  inch  gun  distance  exhibited  poor  self  bond¬ 
ing  as  demonstrated  by  a  qualitative  abrasion  test.  The  shorter  gun  to  substrate 
distance  greatly  improved  the  self  bonding  and  this  was  apparent  in  the  metallo- 
graphic  examination.  Many  of  the  specimens  were  extremely  porous  and  they  all 
exhibited  an  impurity  phase,  presumably  an  oxide,  which  was  present  in  a  larger 
volume  percentage  than  in  the  hot  pressed  billets  of  the  same  material.  The 
microatructure  in  Figure  27  is  a  typical  dry  plasma  sprayed  layered  structure  of 
Material  I  and  contains  a  high  quantity  of  second  phase. 

Further  plasma  work  is  scheduled  and  will  involve  spraying  in  an 
argon  atmosphere  to  reduce  the  impurity  level  in  the  coating.  Measurements  will 
be  made  of  the  bond  strength  of  the  coating  to  substrate  and  the  strength  of  the 
sprayed  diboride. 
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C.  Sintering 

A  sintering  program  v/zi  initiated  with  *■*>«  objective  of  producing 
diboride  specimen*  with  a  minimum  density  of  90%,  which  could  be  characterized 
and  tested  for  comparison  with  hot  pressed  material.  Initial  sintering  runs  were 
conducted  in  a  tungsten  mesh  element  vacuum  furnace.  Temperature  was  read 
optically  by  sighting  directly  on  the  sample  and  correcting  for  absorption  through 
the  sight  windows .  The  processing  conditions  and  results  are  summarized  in 
Table  35. 


The  l/2  inch  diameter  samples  were  cold  pressed  without  a  binder 
whereas  the  1  inch  diameter  samples  required  a  polyvinyl  alcohol  binder  to  pro¬ 
mote  adequate  green  strength  for  die  extraction  and  handling.  Several  pre¬ 
sintering  experiments  were  conducted  to  find  the  correct  temperature  for  binder 
removal;  400°C  for  two  hours  in  air  was  chosen. 

The  vacuum  sintering  resulted  in  significant  weight  loss,  so  subse¬ 
quent  experiments  were  conducted  in  argon.  Sample  I03A  B005  was  quite  dense 
in  areas,  Figure  28  and  had  an  over- all  density  of  89%.  This  structure  demon¬ 
strates  a  marked  anisotropy  of  grain  aize.  Small  regions  of  high  porosity  were 
macroscopically  apparent  which  may  have  originated  from  the  accompanying 
evaporation.  Laminations  were  encountered  in  specimens  B0001  to  5  which  were 
thought  to  be  caused  by  excess  cold  pressing  pressures.  Green  densities  measured 
for  ZrB2  Pre*aed  at  10,000  and  20,000  psi,  were  56.  1  and  56.9  per  cent.  These 
green  densities  were  considered  adequate  for  sintering  to  high  density.  Conse¬ 
quently,  the  1  inch  diameter  apecimens  were  pressed  at  less  than  20,000  psl  and 
with  on*  exception  this  avoided  further  cracking. 

In  general,  argon  sintering  resulted  in  low  density  specimens  for 
conditions  where  90%  relative  density  was  previously  attained  {2).  This  could  be 
due  to  either  the  chomistry  of  the  ZrB2  (relative  to  that  previously  used)  or  oxygen 
contamination  and  oxide  formation  from  the  argon.  A  purer  argon  source  and 
lower  flow  rate  will  be  used  to  reduce  the  oxygen  content  in  the  chamber. 

D.  Reinforced  Di boride  Composites 

The  use  of  fiber  reinforcing  procedures  are  often  considered  to  enhance 
the  ability  of  brittle  ceramic  materials  to  sustain  stresses  induced  by  mechanical 
and  thermal  environments  which  would  be  produced  in  various  applications. 

Ceramic  bodies  reinforced  with  metal  fibers  should  display  improved  mechanical 
properties  and  thermal  stress  resistance.  Krochmal's  review  of  fiber  reinforced 
ceramics  and  summary  of  possible  matrix  fiber  combinations  (9)  shows  that 
present  technology  has  been  unable  to  capitalize  on  this  approach  to  achieve  im¬ 
proved  thermal  stress  resistant  ceramic  materials  with  predictable  mechanical 
integrity.  Among  other  things,  thermochemical  interaction,  matrix  cracking  and 
preferential  reinforcement  oxidation  have  prohibited  the  application  of  this  concept 
to  technologically  interesting  materials. 
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Earlier  work  under  Tinklepaugh  at  Alfred  University  which  is  sum- 
mariz  :d  in  Krochmals  review  (9)  showed  that  suitably  prepared  metal  reinforced 
oxide  composites  failed  in  bending  only  after  the  outer  fiber  stress  was  increased 
several  hundred  per  cent  over  that  of  specimens  without  reinforcement.  Devia¬ 
tions  irom  linear  stress  strain  behavior  were  nuieu  fur  i'ucsc  <.ciauuC  matrix 
composites  where  the  onset  of  the  deviation  was  coincident  with  the  stress  required 
m  fracture  the  unreinforced  ceramic.  The  ceramic  matrix  actually  fractured  at 
this  stress,  but  the  specimen  was  held  together  by  the  reinforcing  metal  fibers. 

The  stress  applied  after  the  noncatastrophic  matrix  fracture  effected  a  gradual  re¬ 
moval  of  the  fibers  across  the  fracture  and  eventually  complete  failure  ensued. 

Three  types  of  reinforcing  agents  were  employed  in  an  attempt  to  pre¬ 
pare  reinforced  diboride  composites  for  evaluation  in  the  Phase  One  screening 
tests.  Composite  compositions  are  identified  and  designated  as  follows:  (1)  Material 
V,  ZrBj>  with  five  and  twenty  volume  per  cent  SiC  whiskers,  Vf(5)  and  Vf(20)  re¬ 
spectively;  (2)  Material  XII,  ZrB2  with  five  volume  per  cent  Thornel  25  carbon  fila¬ 
ments,  XUf(5)  and  (3)  Material  Xlll,  ZrB2  with  5  volume  per  cent  W  filaments. 

These  composites  represent  three  different  approaches  to  the  utilization  of  rein¬ 
forcing  agentB  to  effect  improvement  over  the  inherently  brittle  behavior  of  diboride 
materials.  The  Material  V  composition  is  a  ceramic  whisker  reinforced  ceramic 
matrix  which  would  not  be  subject  to  failure  by  oxidation  of  the  reinforcement 
material.  The  over-all  mechanical  property  enhancement  and  the  improvements  in 
fabricability  of  the  diboride  base  materials  derived  from  the  addition  of  SiC  powder 
in  Material  V  compositions  suggested  the  examination  of  the  SiC  whiskers  as  a  rein¬ 
forcing  agent  for  ZrBg.  Thornel  25  was  chosen  as  a  reinforcing  agent  in  Material 
XII  to  provide  crack  arresting  particles  and  to  improve  mechanical  properties. 
Polycrystalline  compositions  of  Material  Xll  with  particulate  graphite  additions 
were  designed  to  enhance  thermal  stress  resistance  by  increasing  the  strength  to 
modulus  ratio,  d/E.  However,  the  relatively  high  modulus  of  Thornel  25  carbon, 

E  20  x  1.0®  psi,  coupled  with  the  low  percentage  addition  is  not  expected  to  pro¬ 
vide  any  significant  reduction  in  <J /E  for  Material  X£lf(5).  Tungsten  filament  was 
selected  as  a  reinforcing  agent  in  Material  XIII  on  the  basis  of  its  thermochemical 
compatability  with  ZrBg  and  HfB2  and  its  availability.  This  composite  is  repre¬ 
sentative  of  the  conventional  metal  reinforced  ceramics.  Successful  fabrication 
of  this  material  would  provide  improved  mechanical  behavior  and  thermal  stress 
resistance  at  the  expense  of  decreased  oxidation  resistance.  The  characterization 
of  the  selected  reinforcing  agents  wan  presented  in  Section  III. 

Conventional  hot  pressing  procedures  were  employed  to  attempt  to  pre¬ 
pare  the  chosen  composite  compositions.  The  fabricating  conditions  and  results  are 
summarized  in  Table  36.  The  preliminarylexperiments  appear  to  be  characterized 
by  experimental  difficulties  common  to^e^inforced  composite  fabrications,  Mechanical 
difficulties  were  encountered  with  the  SiC  whiskers  while  thermochemical  instability 
was  observed  with  the  Thornel  25  carbon.  The  behavior  of  the  latter  is  probably 
associated  with  interaction  of  the  additive  with  the  oxide  impurity  in  ZrB2<  Mechanical 
difficulties  and  chemical  reaction  with  the  hot  pressing  atmosphere  were  observed 
for  the  W  filament  -  ZrBz  system.  Partial  success  in  fabricating  Material  XU£(5) 
was  obtained  in  billet  Xllf(5)  DO 6 44  by  winding  the  continuous  yarn  on  a  mandrel  and 
cutting  round  mats  of  the  windings.  Each  mat  was  held  together  at  its  ends  with 


Duco  cement  to  facilitate  handling.  Mate  were  loading  consecutively  with  layer b 
ui  uuridc  rctulving  in  continuous  augnea  layers  01  Thorne  1  yarn  in  the  pressing. 
Reaction  was  reduced  at  least  in  the  center  of  the  Thornel  yarn  by  not  separating 
the  yarn  into  its  constituent  filaments.  A  representative  »r»ir rnntrnctiire  is  pro¬ 
vided  in  Figure  29.  The  average  room  temperature  bend  strength  measured  from 
three  specimens  of  billet  D0644  was  30,000  psi  indicating  no  improvement  in 
properties  as  compared  to  100%  dense  Material  107  which  has  a  bond  strength  of 
40,000  psi. 


Full  co-operative  effects  typical  of  functional  composites  was  not 
realized  almost  certainly  due  to  the  stresses  not  being  transferred  fully  to  the 
graphite  filaments.  This  is  because  each  filament  of  the  yarn  is  not  in  contact 
with  the  boride.  This  would  only  be  possible  if  the  yarn  were  separated  into  its 
filament  constituents.  However,  under  such  circumstances  the  filaments  are  de> 
graded  under  the  hot  pressing  conditions.  Thus,  the  principal  problem  in  forming 
filament  boride  composites  revolves  around  chemical  compatibility  of  the  filament 
material  and  the  diboride  during  hot  pressing.  It  is  clear  that  processes  employing 
lower  fabricating  temperatures  must  bo  developed. 

A  summary  of  possible  diboride  matrix  fiber  reinforced  composite 
systems  taken  from  Krochmal's  review  (9)  is  presented  in  Table  37;  thermal  sta¬ 
bility  and  other  pertinent  remarks  are  included.  The  results  obtained  to  date  and 
the  information  in  Table  37  will  be  used  as  a  basis  for  the  continuing  effort  on 
fiber  reinforced  diborides  in  the  current  program. 
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VI.  THERMAL  SCREENING 


A.  Introduction 


Thermal  screening  procedures  have  been  carried  out  on  rep  cocuttt- 
tive  structures  of  each  material  prepared  during  Phase  One.  Cylindrical  speci¬ 
mens  (about  0.  35  inch  diameter  by  0.  35  inch  high)  of  the  hot  pressed  material 
are  initially  subjected  to  metallographic  examination  to  characterize  grain  size 
and  shape,  phase  distribution  and  porosity.  The  specimens  are  then  subjected 
to  high  temperature  anneals  in  argon  after  which  they  are  re-examined  to  de¬ 
termine  changes  in  both  gross  and  microscopic  features. 

B.  Experimental  Procedure 

Screening  runs  at  temperatures  up  to  2200°C  (optical  pyrometer) 
were  carried  out  in  a  belljar  with  a  resistance  heated  tantalum  tube  furnace.  A 
series  of  tantalum  radiation  shields  were  employed  to  maintain  a  uniform  hot  zone 
of  2.5  inches  diameter  by  5  inches  long.  The  specimens  were  contained  in 
tantalum  wire  baskets  for  screening  at  1800°  to  2000°C.  In  operation  the  furnace 
was  twice  evacuated  to  -  1  torr  and  back  filled  with  argon;  specimen  degassing' 
was  promoted  by  initially  heating  the  specimens  to  -  1000° C  in  a  vacuum  of  10 "5 
torr  followed  by  cooling  to  room  temperature.  After  introducing  argon  to  pro  ¬ 
vide  an  operating  pressure  of  -  650  torr,  the  furnace  was  heated  to  temperature 
by  a  manually  controlled  power  supply  at  a  rate  of  5  to  10°C  per  minute. 
Temperature  was  measured  periodically  with  a  micro-optical  pyrometer, 
accurate  to +10°C.  After  the  test,  the  specimens  were  slowly  cooled  to  room 
temperature. 

For  temperatures  above  2000°C,  where  the  diborides  alloy  with 
tantalum  to  form  a  liquid  phase,  the  specimens  were  placed  on  a  HfB2  plate 
supported  on  a  ZrC>2  pedestal.  Temperatures  in  excess  of  2200°C  (optical)  could 
not  be  obtained  because  of  contamination  of  the  heating  element  by  vapor  trans¬ 
port  from  the  specimens.  To  overcome  this  difficulty,  thermal  screening  an¬ 
neals  were  carried  out  in  flowing  argon  at  2300°C  (color  temperature)  in  the  oxi¬ 
dation  furnaces  (Section  VIII). 

C.  Experimental  Results  and  Discussion  of  Results 

A  summary  of  the  thermal  screening  experiments  is  given  in  Table  38. 
Except  where  noted  by  a  remark,  there  was  no  evidence  for  any  localized  melting 
or  for  second  phase  coalescence,  redistribution  or  dissolution.  Line  intercept 
analyses  of  initial  and  annealed  structure  photomicrographs  yielded  on  the  average, 
a  small  increase  in  grain  size.  The  following  microstructural  features  were 
observed. 


1 .  Material  I  (ZrB^) 

Specimens  of  pressing  107  D0589  were  observed  to  have  a  num¬ 
ber  of  microstructural  variations  in  both  the  as-pressed  and  annealed  conditions. 
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Figures  30(a)  and30(b)  present  photomicrographs  of  two  areas  within  the  hot 
pressed  billet;  the  variations  in  mic restructure  are  clearly  evident.  Both 
sections  contain  a  gray  pha  »e  auu  pores*  seme  o£  which  appear  Ha  vine  vre- 
viously  contained  a  secondary  phase  which  was  pulled  out  during  metallographic 
preparation.  In  contrast,  a  section  of  the  specimen  screened  at  2200°C  (optical) 
contains  a  different  porosity  distribution  and  contains  large  amounts  of  an 
orange  second  phase,  Figure  30(c). 

Structural  variations  in  the  specimens  thermally  screened  at 
2200°C  (optical)  and  2300°C  (color)  are  depicted  in  Figure  31  ;  the  structures 
include  a)  large,  elongated  grains  with  a  considerable  amount  of  grain  boundary 
precipitation  and  porosity,  b)  large  pores,  c)  small  pores  and  d)  small  pores 
and  large  amounts  of  an  orange  precipitate.  Complete  evaluation  of  the  speci¬ 
mens  indicates  that  the  structural  variations  that  have  been  noted  are  charac¬ 
teristic  of  the  billet  and  have  not  been  affected  by  the  annealing  treatments. 

2.  Material  Vlll  (ZrB^  4-  30  y/o  Graphite  \  14  v/o  SiC) 

Two  formulations  of  Material  VIII  were  thermally  screened, 
including  preparations  from  Regal  330R  carbon  powder  (D0498)  and  Foco  graphite 
powder  (DO 592);  microstructures  of  these  billets  are  presented  in  Figures  11 
and  12.  After  thermal  screening  treatments,  transverse  section  microstruc¬ 
tures  of  both  pressings  exhibited  a  peripheral  ring  depleted  of  additive  phase. 
Pressing  D0498,  treated  at  2200°C  (color  temperature)  for  15  minutes  exhibited 
an  average  additive  phase  depletion  of  50  mils,  whereas  pressing  D0592,  treated 
at  2300°C  (color  temperature)  for  15  minutes  exhibited  an  average  depletion  of 
about  10  mils.  Photomicrographs  of  both  specimens,  including  an  over-all  view 
of  the  transverse  section  and  microstructures  of  both  the  depleted  and  matrix 
zones,  are  presented  in  Figures  32  and  33.  In  both  cases,  the  matrix  zone 
structures  are  identical  to  those  of  the  original  materials.  It  is  of  interest  to 
note  that  heat  treatment  in  argon  at  about  2200°G  produces  about  five  times 
greater  additive  phase  depletion  in  the  material  prepared  from  Regal  330R 
carbon  compared  to  preparation  from  Poco  graphite. 

3.  Material  X  (ZrB-.  +  SiB6) 

Exposure  at  2200°C  (color  temperature)  for  15  minutes  re¬ 
sulted  in  SiB,  -phase  melting  in  specimen  D0596.  The  original  and  heat  treated 
microstructures  are  presented  in  Figure  34.  The  SiBg  phase,  which  originally 
is  quite  uniformly  dispersed,  is  observed  to  be  present  as  a  grain  boundary  phase . 
The  rounding  of  the  ZrB?  grains  is  characteristic  of  the  past  presence  of  a  liquid 
grain  boundary  phase.  As  one  traverses  from  the  center  to  the  surface  of  the 
sample,  the  extent  of  porosity  and  ZrB2  grain  size  is  observed  to  increase  ana 
the  amount  of  SiBg  phase  is  observed  to  decrease.  Further  experiments  are 
planned  to  determine  the  necessary  conditions  (temperature,  time  and  atmosphere) 
for  SiB^- phase  melting. 

D.  Melting  Point u 

In  addition  to  the  foregoing,  melting  point  measurements  have  been 
carried  out  on  six  hot  pressed  specimens  by  E.Rudy,  Aerojet  General  Corporation. 
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The  specimens,  in  the  shape  of  right  cylinder  dumbbells,  were  melted  under  a 
positive  neiium  pressure  wf  2  at m.  Apparent  temperatures  were  corrected  for 
the  black  body  sighting  hole  configuration  and  for  transmission  through  a  quartz 
furnace  window.  Incipient  melting  is  generally  associated  with  a  visual  obser¬ 
vation  of  liquid  infiltration  by  melting  ol  secondary  phases  .  Tue  observed  re¬ 
sults  are  presented  in  Table  39 . 

The  melting  results  of  the  Carborundum,  102A  and  103A  structures 
are  consistent  with  the  X-ray  finding  that  the  major  impurity  phase  is  ZrO^ 
(melting  point  **2600°C).  The  diboride  melting  at  -  3085°C  iB  in  reasonable 
agreement  with  the  melting  point  of  ZrB2  (. JL_ ) .  The  Norton  ZrBg*  containing 
ZrC  as  the  major  impurity  phase,  yields  incipient  melting  at  a  higher  tempera¬ 
ture  than  zirconium  borides  containing  Zr02  as  the  impurity  phase. 

The  melting  behavior  of  the  Material  11  (HfBg)  samples  are  also  con¬ 
sistent  with  second  phase  impurities.  The  1105  material,  containing  very  little 
second  phase  impurity,  shows  no  evidence  of  melting  to  3235°C;  complete  melt¬ 
ing  was  observed  at  3345°C.  The  1106  material,  which  contains  large  amounts 
of  HfO?  and  HfC,  showed  incipient  melting  at  2697°C  and  complete  melting  at 
3085°C,  considerably  lower  than  the  1105  material. 

Additional  melting  point  evaluations  are  scheduled  for  specimens 
prepared  from  Materials  111,  V,  VI  and  VIII. 
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VII.  MBLHAHlCAL  aoa.EZI'iu^G 
A.  Bend  T eating 

Bend  tests  at  Avco  were  conducted  within  an  inductively  heated 
graphite  four  point  bending  cell.  Figure  35.  The  load  was  applied  at  a  con¬ 
stant  rate  (24  lb/min)  from  a  constant  head  water  tank  and  the  loading  was 
terminated,  by  a  microswitch  operated  selenoid  water  valve  at  the  instant  of 
fracture.  A  W- 5%  Re  vs.  W-26%  Re  thermocouple  was  located  directly  under 
the  specimen.  This  couple  was  checked  against  a  Pt-5%  Rh  vs.  Pt-20%  Rh  thermo¬ 
couple  for  accuracy.  The  specimen  was  allowed  to  thermally  equilibrate  several 
minutes  prior  to  the  application  of  load.  The  graphite  cell  was  constructed  so 
that  alignment  of  the  specimen  throughout  assembly  and  testing  was  assured. 
Specimens  were  0.875  inches  long  by  0.  150  inches  wide  by  0.050  inches  thick  and 
the  moment  arm  was  0.  187  inches  giving  a  span  to  height  (l/2  thickness)  ratio 
of  7.5.  Three  tests  per  temperature  were  performed  for  each  microstructure. 


Temperature  Effect  on  Bend  Strength 


The  results  of  the  bend  test  measurements  at  Avco  which  were 
performed  at  temperatures  from  23°C  to  1800°C  are  given  in  Table  40  for 
Phase  I  structures  and  Table  41  for  Phase  11  structures.  The  average  results 
for  Materials  1  to  V  are  plotted  as  a  function  of  test  temperature  in  Figures  36 
to  40.  Several  mic restructures  are  not  represented  graphically  as  only  limited 
comparative  data  were  available. 


Almost  all  Material  I  microstructures  tested  display  a  strength 
peak  at  800°C  with  the  strength  falling  sharply  at  1400°C,  Figure  36.  This  agrees 
with  previous  results  on  high  pressure  hot  pressing  ZrB2  and  HfB2  (3).  At  18Q0°C, 
the  maximum  average  strength  for  one  microstructure  was  31,000  pii  and  this 
occurred  for  a  90%  dense  billet.  An  increase  in  porosity  does  not  appear  to  de¬ 
crease  bend  strength  of  the  material  at  any  temperature.  However,  it  was  not 
possible  to  independently  vary  the  porosity  and  grain  size  of  Material  1  micro¬ 
structures.  Consequently,  the  dense  Material  1  microstructures  generally  have  a 
larger  grain  size  th'm  the  more  porous  ones.  The  beneficial  effect  of  the  smaller 
grain  size  of  the  less  dense  microstructures  may  compensate  for  the  detrimental 
effect  of  the  porosity  producing  the  somewhat  ambiguous  results  in  Figure  35.  This 
suggests  that  it  would  be  desirable  to  fabricate  fine  grained  dense  materials,  but 
this  was  difficult  with  the  102A  powder.  Relatively  fine  grained  materials  could 
be  made  from  03A  powder  at  the  95%  and  100%  density  levels,  but  these  samples 
were  not  appreciably  stronger  than  coarser  grained  02A  materials  of  equivalent 
density.  The  fact  that  a  strength  increase  was  expected  from  the  finer  grain  size, 
but  was  not  observed  may  be  attributed  to  impurity  phase  differences  between  the  two 
powders. 

The  role  of  grain  size  and  porosity  in  determining  the  strength 
of  ZrB?  may  be  clarified  by  comparing  the  results  for  Material  I  with 
the  bend  strengths  of  two  additional  lots  of  ZrB2  material.  The  strength  properties 
ae  a  function  of  test  temperature  for  ZrB2  materials  supplied  by  the  Norton  and 
Carborundum  Companies  were  determined  for  temperatures  from  -  196°C  to  1800°C, 
Table  42  .  The  testing  at  temperatures  up  to  1400&C  was  performed  at  ManLabs 


using  a  three  point  bending  apparatus.  Tests  at  1400°C  and  1800°C  were  per¬ 
formed  at  Avco  with  the  four  point  apparatus  being  employed  in  mechanical 
rppninn  nf  KnriH#»  Thft  Rtrftnffths  measured  on 

the  Norton  material  were  comparable  to  those  determined  in  the  previous  boride 
program  (3  ).  However,  the  new  results  for  the  Carborundum  ZrB2  show 
higher  strengths  than  the  earlier  measurements.  The  discrepancy  may  be 
due  to  the  different  sample  preparation  technique;  the  earlier  specimens  were  cut 
by  electrical  discharge  machining  whereas  the  recent  material  way  cut  by  diamond 
tools.  Other  work  has  shown  that  EDM  of  TiC  was  detrimental  to  the  bend  strength 
due  to  the  creation  of  microcracks  (10). 

The  Carborundum  ZrB2,  low  in  metallic  impurities  behaves 
similarly  to  the  Avco  microstructures  of  Material  I.  The  major  decrease  in 
strength  occurs  between  1200°  and  1400°C.  The  Norton  material  shows  an  un¬ 
usual  behavior  in  that  the  strength  declines  gradually  up  to  1400°C  and  then  at 
1800°C  drops  to  the  lowest,  value  observed  for  any  of  the  diboride  material.  The 
unusually  low  strength  at  1800°C  is  attributed  to  the  combination  of  a  relatively 
large  grain  size  and  the  high  porosity  which  is  unlike  the  Material  1  microstruc¬ 
tures  where  the  90%  dense  materials  are  all  fine  grained. 

Specifically,  the  Norton  material  with  a  porosity  of  11%  and 
grain  size  of  18p.  has  a  bend  strength  at  1800°C  of  5,000  psi;  Carborundum's  ZrB^ 
was  95%  dense  with  a  grain  size  of  16p  and  had  a  strength  at  1800°C  of  15,000  psi. 
These  lower  strengths  as  compared  with  other  Material  I  microstructures  may 
again  be  due  to  impurity  differences.  However,  at  their  respective  porosity  levels, 
these  data  support  a  grain  size  dependence  in  the  bend  strength.  If  the  data  for  the 
Norton  and  Carborundum  materials  are  compared  with  the  data  in  Figure  36  for 
90%  and  95%  dense  materials,  respectively,  a  trend  for  decreasing  strength  with 
increasing  grain  size  emerges. 

Consequently,  within  a  given  powder  lot,  the  fine  grained  dense 
microstructure  will  display  the  highest  strength,  but  among  powders  of  different 
chemistry  the  impurity  phase  content  and  morphology  may  be  the  dominating 
factor  in  determining  the  strength. 

It  should  be  mentioned  that  the  limited  number  of  tests  per 
microstructure  and  temperature  also  complicates  the  problem  of  determining  the 
role  of  microstructure  and  chemistry  on  the  strength  of  Material  I.  This  factor 
may  be  most  important  in  the  brittle  fracture  range  at  temperatures  up  to  800°C 
as  opposed  to  conditions  where  limited  plasticity  is  observed  at  1400°  to  1800°C. 


A  preliminary  series  of  experiments  were  performed  on  the 
Norton  ZrBjt  and  Carborundum  ZrB^  where  an  oxide  layer  was  developed  prior  to 
bend  testing  at  23°  and  1000°C.  The  specimens  were  preoxidized  at  1600°C  for 
30  minutes;  this  temperature  is  in  the  region  where  the  oxide  is  coherent  to  the 
diboride  matrix.  The  oxide  layer  produced  was  about  0.007  inch  thick.  Exarnina- 
tion  of  the  oxide  boride  interface  at  high  magnifications  revealed  that  the  oxide 
preferentially  penetrated  the  diboride  grain  boundaries  to  a  depth  of  1/2  to  1  grain 
beyond  the  general  interface.  However,  at  no  point  was  a  diboride  grain  completely 
surrounded  by  grain  boundary  oxide  nor  were  any  microcracks  found  to  be  gen¬ 
erated  from  the  penetrating  oxide.  The  bend  test  results  were  analyzed  from  two 


standpoint*:  first,  it  was  assumed  that  the  diboride  matrix  supported  the  entire 
load;  second,  it  was  assumed  that  the  matrix  plus  the  oxide  supported  the  load. 
These  calculated  stresses  are  compared  to  the  range  of  strengths  measured  on 
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The  results  indicate  that  the  oxide  layers  do  not  detract  from 
the  strengths  of  the  ZrB?  matrices.  However,  the  oxide  does  not  appear  to  have 
the  strength  of  the  diboride  matrix.  Future  plans  include  preoxidizing  structures 
of  all  the  materials  and  using  preoxidization  conditions  in  the  different  regioxis  of 
oxide  formation  (coherent,  semicoherent,  incoherent).  In  addition,  the  studies 
will  be  extended  to  include  the  effect  of  SiC  depletion  on  the  strength  of  the  alloyed 
materials. 


Fully  dense  Material  V  microstructures  were  fabricated  with 
02A,  03A  and  07  ZrB2  powders.  In  both  Materials  V  and  I  the  chemistry  effects 
seem  to  be  most  important  at  low  test  temperatures,  25° and  800°C,  whereas  at 
1400°  and  1 800° C  the  grain  size  dominates.  In  Material  V,  for  fully  dense 
and  comparable  grain  size  micro  structures ,  there  is  essentially  no  difference 
among  the  three  base  powders  in  the  bend  strength  at  1800°C.  Residual  stresses 
introduced  by  impurity  phases  in  the  base  materials  due  to  thermal  contraction 
differences  may  influence  the  strength  at  the  lower  test  temperatures.  At 
the  higher  test  temperatures  these  stresses  could  be  relieved  thus  minimizing  the 
effect  of  powder  chemistry. 

Comparison  of  Material  V  with  Material  1,  Figures  36  and 
37  indicates  that  the  SiC  addition  suppresses  the  strength  maxima  at  800°C 
and  increases  the  strength  at  1800°C.  The  strengthening  effect  of  SiC  for  the 
02A  ZrBo  end  05  HfB?  base  materials  at  L800°C  is  shown  in  Figure  41^only 
data  for  billets  98-  100%  dense  are  plotted.  The  1800°C  data  for  both  ZrB?  and 
HfBg  base  materials  suggests  a  significant  increase  in  strength  with  the  addition 
of  SiC.  There  is  a  substantial  difference  in  grain  size  for  the  microstructures 
with  and  without  SiC  and  this  must  be  kept  in  mind  when  comparing  strength  values. 
The  morphology  of  the  SiC  does  not  allow  for  strengthening  by  dispersion  hardening 
since  the  SiC  grains  are  of  the  same  order  of  size  as  the  matrix.  However,  the 
two  phase  aggregate  may  be  more  resistant  to  deformation  than  the  boride  alone 
and  thereby  contribute  to  the  elevated  temperature  strengthening.  The  ZrB2  base 
compositions  do  not  show  any  dependence  on  SiC  content  for  compositions  between 
10  and  35  v/o  SiC.  Alternately,  the  HfB^-SiC  composite  strength  continues  to 
increase  with  increasing  SiC  content.  This  discrepancy  is  not  understood  at  this 
time,  but  may  be  due  the  chemistry  changes  induced  by  the  additions  of  SiC.  This 
problem  will  receive  further  consideration  from  the  standpoint*  of  phase  analyses 
and  strength  measurements;  the  latter  will  include  the  definition  of  the  stress  strain 
curvss  fox  samples  tested  at  1800°  and  22Q0°G. 

The  lin  ited  bend  strength  data  for  Material  II,  Figure  38 
indicates  that  a  fine  grain  size  is  more  important  than  low  porosity  for  obtaining 
a  high  strength.  The  addition  of  SiC  to  HfBj  greatly  facilitated  the  densification 
of  Material  ELI  and  allowed  fine  grained  microstructuT  jm  to  be  produced  at  all 
porosity  levels.  Section  IV.  The  bend  strengths  s  functions  of  test  tempera¬ 
ture  for  Materials  III  and  IV,  Figures  39  and  /  >  demonstrate  that  porosity 
is  detrimental  to  the  strength  although  this  effsr  doss  not  persist  at  all  test 


temperatures,  Figure  39.  The  general  effects  of  the  SiC  additions  are  believed 
to  be  similar  to  those  for  Zr&2  base  materials  as  discussed  in  the  previous  para¬ 
graphs.  Tub  ihsugui  level  oil  18GG-C,  39,600  psi,  is  thought  to  De  tne  mgnest 
strength  ever  reported  for  an  oxidation  resistant  material. 

Limited  testing  was  performed  on  Materials  VI,  VIII  and  XII. 
Material  VI  exhibited  strength  values  at  23°C  and  1800°C  comparable  to  those  of 
an  equivalent  density  Material  III.  Material  VIII  possessed  moderate  strength 
values  at  23°C,  but  excellent  elevated  temperature  strength  was  attained  in  a 
similar  manner  to  other  SiC  containing  diboride  compositions.  Material  XII,  with 
20  v/o  C  high  temperature  values  no  better  than  Material  I. 


An  additional  point  of  interest  with  respect  to  Materials  111,  IV 
and  V  was  revealed  in  the  etched  microstructures.  Fine  linear  features  are  ob¬ 
served  within  the  matrix  grains;  these  facets  being  as  much  as  half  a  grain  diam¬ 
eter  in  length.  It  is  unknown  at  this  time  whether  these  features  are  microcracks 
or  a  precipitate.  However,  it  should  be  noted  that  even  the  highest  strength  micro¬ 
structures  of  these  materials  contained  these  hairline  features.  Figures  18  and  19. 


2.  Surface  Finish  Effect  on  Bend  Strength 


Surface  finish  could  be  important  in  determining  the  level  of 
fracture  stress  in  brittle  materials  because  fracture  is  thought  to  often  originate 
from  pre-existing  flaws.  The  surface  placed  in  tension  in  a  bend  test  would  be 
most  critical  and  thereby  control  the  fracture  stress.  In  the  case  of  catastrophic 
brittle  fracture,  the  crack  length  and  fracture  stress  are  related  by  the  Griffith 
relation 
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where  0^  m  the  fracture  stress,  y,  a  fracture  surface  energy,  E  =  elastic 
modulus  and  C  ■  crack  length.  If  Gie  fracture  surface  energy  is  the  true  chemical 
surface  energy,  which  would  be  about  1  to  2  x  10^  ergs/cm  ,  then  the  critical 
crack  length  would  be  of  the  order  of  1  to  5  microns  (using  E  *  51.7  x  10  ^  dynes/cm^ 
and  Of  =  44.8  x  1CF  dynes/cm^}.  Bend  tests  on  a  series  of  surface  finishes  were 
conducted  to  teat  the  importance  of  the  starting  surface  on  determining  fracture 
stress . 


A  number  of  bend  specimens  were  machined  from  the  100%  dense 
billet  V07  D0576;  the  NDT  report  indicated  that  this  billet  was  uniform  in  density 
and  was  uncracked.  Various  surface  finishes  were  prepared  by  grinding  the  tensile 
surface  with  220,  400  and  500  grit  wheels.  A  fourth  surface  condition  was  pre¬ 
pared  by  obtaining  essentially  a  metallurgical  finish  with  a  final  0.25  micron  diamond 
polish.  The  structure  of  the  surfaces  was  characterized  in  two  ways;  Taiysurf 
(Taylor -Hobson)  surface  contour  traces  and  electron  microscope  surface  replica 
examination. 
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the  four  surfaces  tested.  Associated  with  each  tracing  is  the  vertical  magnifi¬ 
cation  and  the  C.  L.  A.  (integrated  average  deviation  of  the  ridges  and  grooves 
from  the  centerline).  As  can  be  noted,  many  grooves  have  total  depths  much 
deeper  than  twice  the  C.  L>.  A. ;  180(1  inch  in  the  case  of  the  220  grit  finish,  lOOp 
inch  for  the  400  grit  finish,  lOQp  inch  for  the  500  grit  finish  and  3p  inches  for 
the  polished  surface.  The  400  and  500  grit  finishes  appear  very  similar. 


The  electron  microscope  examination  showed  surface  struc¬ 
tures  represented  by  Figures  43  to  45.  The  400  and  500  grit  finishes 
appeared  quite  similar,  so  the  structure  for  only  the  400  grit  is  shown.  Figure 
44.  The  220  grit  finish  reveals  the  microstructure  since  many  grains  were 
completely  pulled  out.  Evidence  for  possible  intergranular  surface  cracking  is 
also  shown  in  Figure  43.  The  400  grit  surface  has  resulted  in  a  greatly  in¬ 
creased  surface  cutting  although  some  grain  pull  out  also  took  place.  Possible 
surface  cracks  are  shown  in  Figure  44  for  this  finish.  The  finely  polished 
surface  shown  in  Figure  45  reveals  vsrv  little  structure  or  scratches.  The 
pits  that  arc  present  show  no  w-.il  defines  structure  at  higher  magnification;  they 
are  apparently  areas  whex^  polishing  did  not  completely  remove  the  results  of 
rough  grinding.  However,  .  o  cracks  were  obse.  ved  on  the  polished  surface. 

The  room  temperature  in  <  ugth  data  for  the  four  surface  finishes 
are  reported  in  Table  44.  There  was  a  trend  fox  increased  mean  strength  with 
the  finer  surface  finishes;  however,  the  standard  deviation  for  each  population 
was  large,  except  for  the  500  grit  finial  .  The  "Student's  T"  test  was  utilized  to 
investigate  the  significance  of  the  variation  be  ween  the  mt  u  strength  of  the  220 
grit  and  the  polished  surface.  The  probability  of  gnifii.dnce  w  is  38.9%  and  this 
shows  that  from  statistical  considerations  they  essentially  belong  to  me  strength 
group. 


The  insensitivity  of  tfc  fra  itux  e  strength  to  the  surface  condition 
may  be  attributed  to  slow  gro  wth  of  the  existing  flaws  by  localized  plastic  flow 
process  ■  at  s  resses  below  U  et  for  catostr  phic  failure.  Room  temperatur  slip 
in  polyc  ystalline  TiB?  has  been  ob-ierv  id  (j  1  j.  All  the  sui  face  finishc  produced 
cracks  and  could  be  suocriiical  up  to  siressTev  els  where  slow  crack  gri  -nth 
initiates.  Ar  alternate  mechanism  for*  ower;  ckgro'  ui  could  involve  utres*  corrosion 
of  the  diboride,  both  static  an-1  dynamic  stress  corrob  >n  effects  have  been  reported 
for  alum.  (12).  In  wither  case  pre-  existing  crack;  coul-  row  v  .der  ncroasmg  stress 
until  the  GtA^Tth-O  owan  criteria  for  fracture  is  .eached  and  then  rap’d  crack 
propagation  ensues.  Independent  measurements  at  ManLabs  -  f  fractu. e 
energies  n  conven  Lonally  hot  pressed  Zrf^  end  obtained  values  of  71,000  and 
134,000  rgs/cmz  r  tr  two  different  grades  of  mater  a  1.  (The  inaterinls  stucried 
were  the  Norton  and  Carborundum  grades.)  Using  tfaes.  numbers  for  ^wice  the 
surface  fracture  energy  in  the  Grilfit i-Orow.  .  equation,  crack  lengths  of  greuer 
than  90  microns  could  be  tolerated  without  iruhating  fracture  at  the  observed 
fracture  stresses.  Fracture  stress  insensitiv  ty  to  surface  condition  cot  Gled 
with  the  fracture  energy  measurements  lends  considerable  support  to  the  prospect 
that  locanzed  plastic  deformation  processes  are  involved  in  the  fracture  of  th.. 
diborides . 
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There  are  two  alternatives  to  the  assumption  that  Blow  crack 
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material  from  the  fabrication  and  these  defects  are  larger  than  any  flaw  created  by 
the  rough  surface  finishes.  Metallographic  studies  do  not  support  this  assumption; 
cracks  of  several  grain  diameters  would  easily  be  detected  by  light  microscopy. 
Second,  the  flaws  introduced  by  the  surface  finish  techniques  do  not  have  a  morphology 
that  creates  a  critical  stress  concentration.  For  example,  pre-existing  atomically 
sharp  cracks  of  less  than  a  grain  diameter  may  provide  a  more  severe  condition 
than  deep  ,  but  relatively  blunt  grinding  grooves.  Microstructural  features  have 
been  observed  in  Materials  III,  IV  and  V  that  could  be  tranegranular  cracks  although 
they  have  not  been  positively  identified  as  cracks.  However,  the  surface  grinding  in 
these  brittle  materials  does  not  create  blunt  grooves,  but  removes  material  by 
chipping  and  pulling  out  grains  thereby  providing  high  stress  concentrations. 


B.  Elastic  Modulus 


Dynamic  measurements  of  Young's  Modulus  (E)  were  made  by  the 
sound  velocity  technique  at  23°C,  High  density  half  billets  of  Materials  I  to  V 
were  employed  in  order  to  measure  both  the  compressional  pulse  velocity  (VjJ  and 
the  transverse  pulse  velocity  (V-j.).  The  results  of  these  measurements  on  seven 
billets  are  listed  in  Table  45.  Considerable  disagreement  is  found  among  the 
calculated  values  of  Poisson's  Ratio.  It  is  believed  that  the  primary  source  of 
error  in  the  calculations  is  in  the  measurement  of  V^..  Therefore,  a  value  of 
(J=  0.  145  ,  as  previously  used  (  3  )  will  be  adopted  in  future  calculations  of  Young's 
Modulus  until  accurate  determinations  can  be  made  for  each  material  in  this 
program. 


Static  measurements  of  Young's  Modulus  were  made  using  a  four  point 
bending  and  a  single  point  probe  strain  measuring  apparatus,  Figure  46.  At 
present,  the  measurements  are  being  conducted  in  argon,  so  the  spring  support  of 
the  load  cell  cage  is  unnecessary.  The  schematic  also  shows  three  tungsten  probes 
positioned  against  the  sample.  This  design  was  intended  to  bring  the  strain 
reference  point  directly  to  the  sample.  This  would  eliminate  errors  due  to  knife 
edge  interactions,  etc.  However,  the  early  work  with  this  design  has  been  in¬ 
accurate,  so  at  present,  the  outer  two  probes  are  fixed  to  the  lower  knife  edge 
block.  A  W-5%  Rp  vs.  W-26%  Ro  thermocouple  is  placed  next  to  the  lower  graphite 
pedestal  and  is  positioned  directly  under  the  sample.  A  Mo  furnace  is  being  used. 

As  extremely  small  strains  are  measured  (4-9  x  10”^  inches)  for  the  specimens 
which  are  the  same  size  as  used  for  bend  tests,  the  LVDT  was  calibrated  with  a 
series  of  four  gage  blocks  having  height  differences  of  25  x  10"&  inches,  as  well 
aB  a  micrometer  reading  to  1  x  10"’  inches.  Also  three  standard  modulus  ma¬ 
terials  were  used  to  check  the  accuracy  of  the  apparatus;  they  were  9Ni-4Co-0.45C 
steel  (28.5  x  106  psi),  99.5%  dense  alumina  (58  x  10°  psi)  and  WC-5.75%  Co  (88-92  x 
10b  psi). 


The  static  Young's  Modulus  measurements  are  summarized  in  Table  46. 
Also  included  in  this  table  a  e  a  limited  number  of  dynamic  modulus  measurements 
and  static  measurements  conducted  at  ManLabs.  The  different  measurements 
served  as  further  checks  on  the  accuracy  of  the  equipment.  Furthermore,  data 
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are  included  which  were  collected  both  prior  to  and  after  several  equipment 
modifications,  so  varying  levels  of  accuracy  are  represented. 

It  will  be  necessary  to  collect  additional  self-consistent  data  in  order 
to  separate  the  effects  of  composition  on  the  elastic  properties;  however,  at  this 
time  it  is  possible  to  relate  porosity  io  Young's  Modulus  in  the  diborides. 

MacKenaie  ( 13)  analysed  the  effect  of  email  amounts  of  porosity  on 
elastic  moduli  in  an  isotropic  body.  This  relation  is  given  as 
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where  G  *  modulus  of  rigidity,  p  =  relative  density,  Kq  =  bulk  modulus,  A  =  constant 
and  the  zero  subscript  refers  to  the  full  density  value.  Cable  et  al.  ,(14)  calculated 
the  constant  A  by  setting  G/Go  =  1  at  p  =  o  and  found  this  equation  accurately  several 
materials.  For  Poisson1  s  ratio  0=  0.145  for  ZrB2  andG/C0=  1 ,  K0=  1.08  and  A  =  1 . 04.  The 
curve  for  Eq.  (2)  is  plotted  in  Figure  47  along  with  Young's  Modulus  data  for 
Materials  I  through  V  at  various  porosity  levels.  The  data  plotted  is  tkougnt  to 
be  self-consistent  in  that  apparatus  design  and  calibration  was  constant  throughout 
the  measurements.  Several  interesting  features  emerge;  the  SiC  alloys  of  the 
diborides  fall  on  the  same  curve  as  their  respective  base  materials,  the  ZrB£  base 
materials  agree  with  the  predicted  relation  and  Young's  Modulus  for  the  HfB2  bace 
materials  is  much  more  sensitive  to  porosity  than  predicted.  Rossi  et  al.  (15) 
have  shown  that  anisotropic  geometry  for  porosity  or  second  phase  inclusions  can 
account  for  marked  deviations  from  predicted  behavior.  The  ZrB2  and  HfB2  base 
materials  must  be  carefully  re-examined  for  differences  in  these  microstructural 
features  which  may  be  responsible  for  the  behavior  shown  in  Figure  47. 

In  order  to  determine  the  accuracy  of  the  elastic  modulus  measure¬ 
ments  at  Avco,  a  sample  exchange  study  with  ManLabs,  Inc.  was  instituted.  The 
room  temperature  Young's  Modulus  values  obtained  at  Avco  (four  point  bending  - 
single  deflection  probe)  were  approximately  7  to  10  per  cent  lower  than  those  ob¬ 
tained  at  ManLabs,  Inc.  (three  point  bending  -  single  deflection  probe).  Both 
laboratories  also  tested  a  series  of  standard  materials  (  steel,  and  WC-5.75Co) 

with  the  same  discrepancy  between  test  techniques.  A  comparison  of  the  measure¬ 
ments  on  the  standards  with  published  values  revealed  that  the  ManLabs,  Inc. 
measurements  were  within  5  per  cent  of  the  absolute  values.  It  was  concluded  that 
the  static  Young's  Modulus  measurements  on  the  diborides  at  Avco  obtained  as  of 
this  report  are  up  to  10  per  cent  lower  than  the  ManLabs  numbers.  The  measure¬ 
ments  at  800°  and  1400°C  at  Avco  have  the  same  accuracy  as  those  obtained  at  23°C. 

The  elastic  moduli  of  the  Norton  and  Carborundum  lots  of  hot  pressed 
sirconium  diborides  were  determined  by  a  three-point  bending,  single-point  deflec¬ 
tion  probe  technique  at  ManLabs,  Inc.  The  results  are  presented  in  Table  47 
with  some  dynamic  measurements  for  another  hot  >re*sed  ZrB2  (16) . 
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There  is  excellent  agreement  between  the  static  and  dynamic  measurements 
and  the  5  data  points  for  modulus  vs.  density  form  a  curve  which  extrapolates 
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C.  Post-Mortem  Examinations 
1 ,  Visual  Examinations 

All  specimens  were  examined  after  testing  with  respect  to  the 
location  of  the  fracture.  Single  and  double  asterisks  appear  after  certain  speci¬ 
mens  in  Tables  40  -and  41  and  these  denote  primary  and  secondary*  knife 
edge  fractures,  respectively.  The  incidence  of  such  knife  edge  fractures  is 
common  in  transverse  rupture  tests  utilizing  four-point  bending;  the  origin  of 
this  phenomena  is  still  a  matter  of  some  controversy  (17).  Compressive  stresses 
are  anticipated  in  the  areas  under  the  knife  edge,  hence,  tensile  failures  should 
be  prevented  in  these  regions.  However,  there  has  been  at  least  one  investi¬ 
gation  (18)  in  which  knife  edge  failures  did  originate  in  tension  surfaces,  so  that 
the  actual  stress  distribution  under  a  knife  edge  is  probably  far  more  complicated 
than  previously  supposed.  In  addition,  the  incidence  of  knife  edge  failures  could 
be  correlated  in  one  case  (18)  with  absorbed  surface  moisture,  the  frequency  of 
such  failure  increasing  on  ary  surfaces  and  this  is  also  a  factor  which  haB  not 
previously  been  recognized. 

It  was  not  possible  in  this  study  to  correlate  the  incidence  of 
knife  edge  fractures  with  any  microstructural  or  testing  parameters,  although 
the  frequency  of  such  failures  was  much  higher  in  certain  materials.  Similar 
information  will  be  recorded  in  the  future  and  trends  may  become  apparent  when 
more  data  are  available. 

Plastic  bending  was  observed  in  many  of  the  samples  tested 
at  1 800°C  as  evidenced  by  curvature  on  the  fragments  when  placed  against  a 
flat  plate.  In  all  cases,  however,  the  amount  of  plastic  bending  was  estimated 
to  be  less  than  1%.  The  notations  N.  B.  ,  S.  B.  and  B  in  Tables  40  and  41  denote 
no  plastic  bending,  slight  plastic  bending  and  plastic  bending  of  less  than  1%, 
respectively.  Again,  it  was  not  possible  to  correlate  these  observations  with 
either  microstructural  parameters  or  strengths.  Much  more  information  will 
be  forthcoming  when  high  temperature  stress  strain  curves  are  generated. 


Replicas  were  taken  from  a  selected  number  of  fractured  samples 
for  Materials  I  to  V  and  examined  in  the  electron  microscope.  The  fracture  mode 
was  predominantly  transgranular  in  samples  tested  at  room  temperature,  while 
the  percentage  of  intergranular  fracture  increased  with  increasing  test  temperature 
Figures  48  to  51  show  fractographs  of  a  Material  V  microstructure  tested 
at  four  different  temperatures.  It  can  be  seen  that  a  limited  amount  of  transgranu¬ 
lar  fracture  occurred  even  at  1800°C. 


The  main  fracture  in  these  cases  was  within  the  gage  length,  but  an  additonal 
fracture  occurred  at  one  of  the  loading  points,  resulting  in  three  fragments. 


It  is  difficult  to  differentiate  between  the  ZrB2  matrix  and  the 
£*HL<  addition,  as  the  fracture  mode  was  similar  fur  uui.ii  phases.  nuwcvci  ,  lighl 
microscopy  of  polished  surfaces  shows  that  the  SiC  phase  is  generally  smaller 
than  the  Zrll?  matrix.  The  smaller  grains  visible  in  Figures  48  to  51  are  al¬ 
most  certainly  the  SiC  phase.  The  terraces  visible  in  the  1800°C  fractograph 
are  probably  due  to  thermal  etching. 

The  increase  in  the  amount  of  intergranular  fracture  with  in¬ 
creasing  temperature  occurred  even  when  the  fracture  strength  increased.  Pre¬ 
vious  observations  on  fine  grained  Zrl^  and  HfB2  showed  that  the  percentage  of 
transgranular  fracture  paralleled  the  strength  peak  (9).  This  difference  in  be¬ 
havior  is  not  understood. 

3.  Optical  Microscopy 

One  aspect  of  the  post-mortem  studies  is  to  determine  the  rela¬ 
tive  stability  of  the  microstructure  to  the  testing  environment.  The  grain  sizes 
for  specimens  tested  at  1800°C  are  given  in  Table  48  and  reveal  that  significant 
grain  growth  only  occurred  in  one  ZrB2  structure.  The  I02A  D0338  specimen 
shows  an  apparent  anomaly,  undoubtedly  due  to  grain  size  variability  within  the 
billet  itself.  The  unalloyed  Hf&2,  Material  II  and  the  diboride- SiC  mixtures, 
Materials  III,  IV  and  V  show  little  or  no  grain  growth  during  the  L800°C  test  (at 
temperature  approximately  5  minutes).  The  SiC  second  phase  evidently  inhibits 
movement  of  the  diboride  grain  boundaries  as  it  does  during  fabrication.  The 
thermal  stability  of  impurity  phases  in  the  HfB2  (solidus  3235°C)  relative  to  those 
in  the  ZrB2  (solidus  2560-2630°C)  may  also  contribute  to  the  observed  increased 
grain  size  stability  for  HfB2.  The  grain  sizes  determined  from  the  electron  frac- 
tographs  agreed  with  the  grain  size  measurements  by  light  microscopy. 

The  specimen  from  billet  102A  D0305  showed  an  increased  con¬ 
centration  of  orange  carbide  phase  relative  to  the  gray  oxide  impurity  phase, 
compared  with  the  starting  billet,  but  the  over-all  second  phase  content  remained 
constant.  All  other  specimens  examined  possessed  structures  that  appeared  iden¬ 
tical  to  the  as-fabricated  material.  The  edge  of  specimen  I02A  D0338,  Figure  52 
(tested  at  1800°C)  shows  no  evidence  for  oxidation  during  testing  in  argon. 

In  several  cases,  anomalously  weak  specimens  were  encountered 
and  examined.  There  was  nothing  unusual  in  the  fractographs  which  could  explain 
the  low  strengths  at  room  temperature  and  the  fracture  mode  was  still  predominantly 
transgranular. 

Although  plastic  deformation  occurred  at  1800°C  as  manifested 
by  permanent  specimen  curvature  there  were  no  details  on  the  fractographs  which 
could  be  correlated  with  the  limited  amount  of  macroscopic  plasticity. 

4.  Density  Checks 

Post-testing  density  checks  on  bend  specimens  fractured  at  room 
temperature  are  shown  in  Table  49. 

In  order  to  measure  the  geometric  density,  the  fracture  face  of 
the  test  fragment  was  squared  off  and  the  radius  on  the  tension  face  was  removed 
by  grinding.  When  a  discrepancy  between  the  air  density  and  the  water  displace¬ 
ment  density  occurred,  the  geometric  density  was  always  lower. 
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It  was  also  possible  to  correlate  the  differences  between  ori¬ 
ginal  Kill#**-  d<  nnity  and  the  true  (water  displacement)  specimen  density.  X-radio- 
graphs  were  available  for  billets  I02A  D0345,  IU.05  D0386  and  IV05  D  )  UO .  Billet 
D0386  had  a  high  density  rim  and  this  was  the  reason  for  the  higher  density  of 
the  billet  compared  to  the  bend  specimen.  Billets  I02A  DG345  and  I  VO  5  D04?0  bad 
low  density  areas  on  the  edge,  therefore,  the  higher  density  of  the  bend  specimens 
is  to  be  expected.  The  density  variations  on  the  exterior  of  certain  billets  is  at¬ 
tributed  to  the  chemical  reaction  of  the  billet  with  the  BN  mold  wash  or  the  graphite 
liner.  Clear  examples  of  reaction  zones  were  visible  metaliographically  in  several 
billets. 


VH1.  OXIDATION  SCREENING 


A.  Introduction 


Furnace  oxidation  screening  experiments  have  been  carried  out  on 
hot  pressed  specimens  of  Materials  I  through  VI,  VIII,  X  and  XII  and  on  high 
pressure  hot  pressed  (HPHP)  specimens  of  Materials  VI,  X  and  XI.  In  addition, 
oxidation  comparisons  have  been  made  between  commercially  hot  pressed  ZrB-> 
(obtained  from  two  sources)  and  Material  I  and  also  between  Boride  Z 
(Carborundum  Corporation)  and  Materials  I,  V  and  VU1.  The  oxidation  charac¬ 
teristics  of  selected  diboride  compositions  containing  rare  earth  and  alkaline  earth 
additive -5  were  also  determined.  These  materials  were  fabricated  under  a  separate 
Air  Force  program  investigating  boride  coating  compatibility  for  graphite.  The  re¬ 
sults  are  summarized  in  Appendix  III. 

B.  Experimental  Procedure 

The  oxidation  exposures  are  carried  out  in  a  furnace  depicted 
schematically  in  Figure  53  .  Cylindrical  specimens,  which  are  generally  0.35 
inch  diameter  by  0.  35  inch  high,  are  placed  coaxial  with  the  furnace  tube  and 
are  mounted  on  zirconia  knife  edge  supports.  The  specimens  are  heated  by 
radiation  from  a  zirconia  liner  which  in  turn  is  heated  by  a  carbon  tube  resist¬ 
ance  furnace.  Four  identical  furnaces,  each  having  an  inside  tube  diameter  of 
0.75  inch,  are  being  used. 

The  specimens  are  heated  to  the  desired  test  temperature  in  argon 
having  an  effective  flow  rate  of  0.9  ft/sec  STP;  heating  times  are  generally  30 
to  40  minutes.  After  the  desired  temperature  is  stabilized,  air  is  admitted  for 
a  fixed  time  interval,  usually  one  hour.  Then  argon  is  readmitted  to  displace 
the  air  and  the  specimen  is  cooled;  60  to  90  minutes  are  required  to  reach  room 
temperature. 


Several  experiments  were  carried  out  to  determine  satisfactory 
air  flow  rates  to  sustain  reaction  (or  diffusion)  controlled  oxidation.  Figure  54 
presents  a  hypothetical  oxidation  experiment  in  which  a  protective  oxide  is 
formed.  The  amount  of  oxygen  required  to  sustain  equilibrium  oxidation  as  a 
function  of  time  is  indicated  by  line  1,  The  amount  of  oxygen  supplied  to  the 
specimen  is  linear  with  time;  two  air  flow  rates  are  represented  with  v~>  v^. 

For  any  given  time,  the  supply  of  oxygen  (v)  must  exceed  the  oxygen  require¬ 
ment  (line  1).  Thus,  a  60  minute  experiment  requires  an  amount  of  oxygen 
corresponding  to  point  (a);  either  air  flow  rate  would  be  satisfactory.  For  a  30 
minute  experiment,  however,  flow  rate  would  supply  an  amount  of  oxygen 
corresponding  to  point  (c),  whereas  a  quantity  corresponding  to  point  (b)  is 
required;  a  30  minute  experiment  employing  flow  rate  vj  would  be  oxygen  supply 
limited.  For  a  given  specimen  material,  temperature  and  time,  the  critical 
flow  rate  vc  corresponds  to  the  rate  which  supplies  just  the  amount  of  oxygen 
required  for  specimen  oxidation. 
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Flow  rate  dependencies  have  been  determined  experimentally  for 
Material  I  (ZrB2,  1800°C,  15  minutes)  and  Material  III  (HfB2  +  20  v/o  SiC, 

7\ ?n°r  (sf\  mi  nntpall  ‘  no  rtinonf  rlata  a  nrAarnfpH  in  Tahlp  ur\A  TTifflina 

-  r  -  •  •  K  ~  -  - -  -  - -  l  -  (7 

In  both  cases  which  represent  the  severe  extremes  of  short  time  and  high  temp¬ 
erature,  the  critical  flow  rates  were  determined  to  be  0.4  ft/sec  STP.  The 
oxidation  experiments  reported  upon  were  aii  carried  out  at  an  air  flow  rate  ox 
0.  9  ft/sec  STP. 

The  specimen  surface  temperature  is  measured  and  recorded 
continuously  by  means  of  a  two  color  pyrometer.  The  pyrometer  is  calibrated 
weekly  against  an  NBS  certified  tungsten  filament  to  detect  and  correct  for  cali¬ 
bration  changes.  The  temperatures  reported  in  tins  section  are  color  tempera¬ 
tures  which,  for  tungsten  are  20°  and  50°C  higher  than  true  temperatures  at 
1500°  and  2000°C,  respectively. 

After  oxidation,  a  quantitative  metallographic  procedure  is  em¬ 
ployed  to  measure  the  extent  of  material  recession;  post-mortem  metallographic 
inspection  also  provides  morphological  information  about  the  diboride  matrix, 
the  oxide  and  the  matrix  oxide  interface  region.  Initially,  a  low  magnification 
photograph  of  the  specimens  obtained  to  provide  a  record  of  the  shape  of  the 
specimen  and  of  the  physical  condition  of  the  outer  oxide  layer.  The  specimen  is 
mounted  longitudinally  and  is  polished  to  reveal  the  oxide  diboride  interface;  the 
final  specimen  height  (and  height  of  undepleted  additive  phase  zone,  if  present) 
is  measured  on  a  traveling  stage  microscope,  A  reticule  photograph  of  the 
longitudinal  section  is  taken  for  future  reference.  The  specimen  is  then  re¬ 
mounted  and  polished  in  the  transverse  direction  to  provide  a  measure  of  final 
diameter.  Reference  photomicrographs  are  obtained  of  the  transverse  section, 
the  diboride  matrix  and  the  matrix  oxide  interface.  The  conversion  of  diboride 
(and  additive  phase)  to  oxide  is  calculated  from  the  difference  between  initial 
and  final  dimensions. 

C.  Experimental  Results  and  Discussion  of  Results 

The  experimental  results  of  oxidation  screening  are  presented  in 
Tables  51  to  62  and  are  shown  graphically  in  Figures  56  to  65.  A  discussion 
of  the  results  for  each  of  the  materials  is  given  below. 

1 .  Material  I  (ZrB^) 

The  oxidation  screening  results  for  zirconium  diboride  over 
the  temperature  range  1550°  to  1850°C  are  provided  in  Table  51  and  are  shown 
graphically  in  Figure  56.  All  of  the  selected  specimen  structures  were  subjected 
to  one  hour  screening  runs  at  1700°  and  1800^0  and  to  30  minute  runs  at  1850°C; 
additional  data  were  collected  on  representative  structures  between  1550°  to 
1650°C  and  at  1770°C. 

The  data  presented  in  Figure  56  yield  a  logarithmic  variation 
of  the  one  hour  recession  values  with  temperature  for  the  range  1550°  to  1800°C; 
average  one  hour  boride  recessions  are  8,  13  and  22  mils  at  1550°,  1700°  and 
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1800“C,  respectively.  These  data  are  consistent  with  previous  findings  (  3J 
and  are  comparable  with  results  obtained  in  another  study  (  2  )  for  the  tempera- 
tuy*  yartn **  1550°  to  I850°C.  Above  l«00°C,  tb**  ratp  r»f  O71  wan  fniinH  to 

increase  substantially  so  that  it  was  necessary  to  reduce  oxidation  times  to  30 
minutes.  By  assuming  a  parabolic  dependence  for  oxidation  kinetics,  the  one 
hour  boride  recessions  at  1850°C  are  within  the  range  25  to  75  mils  and  average 
50  mils. 


The  ten  selected  screening  structures  of  zirconium  dibori.de, 
representing  102A,  I03A,  105A  and  107  powders  exhibiting  variations  in  grain 
intercept  of  6  to  40  microns  and  relative  densities  of  89  to  100  per  cent,  yield 
equivalent  oxide  conversions  to  within +2  mils  at  1700°C  and  +4  mils  at  1800°C. 
Furthermore,  there  is  no  particular  trend  in  the  1850°C  data.  Consequently, 
the  selected  structures  cannot  be  rated  by  means  of  the  oxidation  screening  tests. 
Representative  photographs  of  the  oxidized  specimens  are  presented  in  Figures  66 
through  76.  The  photographed  specimens  are  fully  dense  structures  prepared  from 
the  four  ZrB?  powders  having  grain  intercepts  of  20  microns  (102A  D0345  and 
I03A  D0309),  40  microns  (I02A  D0326  and  I05A  D0590)  and  70  microns  (107  D0589). 
The  outer  oxide  of  these  specimens,  Figures  66  to  69,  is  dense  and  adherent 
after  one  hour  exposures  at  1550°,  1700°  and  1770°C,  but  becomes  somewhat 
puckered  at  1800°C;  a  very  porous  outer  oxide  is  observed  after  a  30  minute  ex¬ 
posure  at  1850°C*.  Oxide  matrix  interface  pictures  at  several  temperatures  are 
presented  in  Figures  70  to  72.  The  oxide  formed  at  1550°C  is  characterized  by 
columnar  grains  whereas  oxides  formed  at  higher  temperatures  have  an  equiaxial 
grain  morphology.  The  oxides  are  adherent  to  the  matrix  after  one  hour  expo¬ 
sures  for  all  temperatures  up  to  1800°C**.  The  grain  size  of  the  oxide  is  smaller 
than  that  of  the  diboride  at  1700°C,  but  becomes  larger  than  th?t  of  the  diboride 
at  1800°C.  Oxide  porosity  is  observed  to  increase  at  higher  temperatures. 

Longitudinal  and  transverse  section  reticule  photographs  of 
specimens  oxidized  at  170Q°C  are  shown  in  Figures  73  and  74  ;  the  uniformity 
of  the  boride  recession  is  clearly  evident.  Matrix  photographs  of  I02A  and  103/' 
structures  after  one  hour  oxidation  exposures  at  1700°C  are  presented  in 
Figure  75  .  Similar  photographs  of  105A  and  107  structures  after  30  minute  ex¬ 
posures  at  1850°C  are  presented  in  Figure  76,  The  chemical  characterizations 
of  these  structures  were  presented  in  Sections  111  and  IV. 


— je - ■ — — — -  - 

The  letter  F  appearing  in  the  macrophotographs  indicates  the  leading  face  ex¬ 
posed  to  the  air  stream;  in  addition,  several  of  the  macrophotographs  (including 
Plates  1-3042,  Figure  66  and  1-2074,  Figure  67  )  include  the  zirconia  mount 
which  has  fused  to  the  specimen. 

**The  oxide  layer  on  0X335,  Figure  70  was  inadvertantly  broken  off  during  metal- 
lographic  preparation. 
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2. 


Commercial  Zirconium  Diboride 


Oxidation  data  have  been  obtained  for  hot  pressed  billets  of 
zirconium  diboride  obtained  from  the  Norton  ami  Car'uuruuuuiu  Cuili^iucb  in 
drder  to  compare  the  oxidation  behavior  of  commercially  available  material  to 
that  prepared  in  this  program.  The  results  of  oxidation  tests  over  the  range 
1550°  to  1900°C  are  presented  in  Table  52  and  Figure  57. 

The  particular  lot  of  Carborundum  ZrB2  that  has  been 
tested  possesses  oxidation  behavior  comparable  to  that  of  Material  I.  On  the 
other  hand,  the  Norton  ZrB2  exhibits  a  somewhat  higher  and  more  random 
rate  of  oxidation  for  temperatures  up  to  1800°C.  It  was  noted  that  a  black  or 
dark  gray  oxide  formed  on  those  specimens  of  the  Norton  material  which  yield 
the  greatest  oxidation.  For  example,  the  uppermost  point  at  1700°C  .Figure  57, 
was  obtained  for  a  specimen  having  a  very  dark  gray  oxide.  X-ray  diffraction 
analysis  of  the  black  oxides  yields  mono  clinic  Zr02»  no  additional  phases  could 
be  detected.  Electron  probe  microanalysis  was  carried  out  for  a  representative 
black  oxide  from  a  Norton  ZrB^  sample  oxidized  at  1700°C  for  60  minutes,  0X272. 
In  addition  to  Zr,  trace  quantities  of  Cr  and  Ti  were  detected  in  the  matrix  and 
metallic  particles  rich  in  Fe,  Cr  and  Ti  were  observed  in  the  oxide.  A  few 
isolated  positions  in  the  diboride  matrix  were  found  to  yield  very  high  chromium 
contents;  these  areas  were  not  metallographically  distinguishable  from  the  di¬ 
boride  matrix.  It  is  concluded  that  the  enhanced  and  variable  oxidation  behavior 
of  Norton  ZrB2  is  related  to  rather  high  impurity  levels  of  iron  and  chromium. 

Typical  microstructures  of  oxidized  Norton  and  Carborundum 
ZrB2  are  presented  in  Figures  77  through  80.  The  outer  oxides  of  the  commercial 
materialsi  Figures  77  and  78,  are  observed  to  become  porous  at  lower  tempera¬ 
tures  than  for  the  Material  I  screening  structures,  Figures  66  to  69;  above 
1800°C,  the  commercial  materials  are  very  porous  and  quite  distorted.  The 
boride  oxide  interface  pictures  of  the  Carborundum  ZrB?  ,  Figure  79,  reveal 
structures  that  are  comparable  to  the  screening  materials.  The  Norton  ZrB2» 
however,  is  characterized  by  considerable  porosity  which  results  in  the  forma¬ 
tion  of  a  boride  oxide  band  at  the  higher  temperatures;  this  behavior  is  exhibited 
in  Figure  80.  Complete  characterization  data  for  the  commercially  hot  pressed 
ZrB^  materials  has  previously  been  presented  (3). 

3.  Material  V  (ZrB,,  »  20  v/o  SiC) 

The  effectiveness  of  silicon  carbide  additions  in  promoting 
the  oxidation  resistance  of  the  diborides  was  first  reported  in  an  earlier  study  (  3  ). 
Boride  compositions  containing  a  SiC  additive  undergo  preferential  oxidation  of 
the  additive  phase  at  elevated  temperatures  leading  to  zones  of  outer  oxide,  boride 
plus  voids  (formed  by  preferential  oxidation  of  SiC)  and  a  core  of  boride  plus  SiC. 
The  results  of  oxidation  screening  experiments  carried  out  for  six  structures  of 
Material  V  for  the  temperature  range  1800°  to  2100°C  are  presented  in  Table  53 
and  Figure  58.  The  structures  represent  pressings  prepared  from  I02A,  I03A  and 
107  powders.  The  results  presented  in  Figure  58 show  a  larger  spread  in  the 
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recession  values  as  compared  to  Material  I;  it  should  be  noted,  however,  that 
a  higher  than  average  boride  recession  for  a  given  temperature  is  accompanied 
by  a  lower  than  average  SiC  recession  and  vice  versa.  No  particular  distinction 
can  be  made  between  the  screening  structures  in  regards  to  the  level  of  protec¬ 
tion  afforded. 
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obtained  in  the  previous  boride  program  ).  The  addition  of  20  v/o  SiC  is 
found  to  increase  the  oxidation  resistance  of  ZrBg  about  20  times  for  one  hour 
exposures  at  1800°C.  Average  one  hour  diboride  to  oxide  conversions  are  2.5, 
6,  20  and  60  mils  at  1800°,  1900°,  2000°  and  2100°C,  respectively.  Typical 
post  oxidation  microstructures  are  presented  in  Figures  81  to  85.  The  outer 
oxide,  Figure  81  ,  is  smooth  and  glassy  after  a  one  hour  exposure  at  1800°C, 
becomes  roughened  and  less  glassy  after  one  hour  at  1960°C  and  is  very  rough 
and  porous  after  one  hour  at  2100°C.  The  macrophotograph  of  the  2100°C  speci 
men  reveals  several  blow  holes  which  presumably  are  the  result  of  silica  loss 
from  the  oxide  during  the  exposure. 


Oxide  matrix  interface  pictures  are  presented  in  Figure  82 
The  oxide  is  adherent  after  exposures  up  to  1960°C  and  exhibits  a  grain  size  and 
porosity  distribution  comparable  to  the  silicon  carbide  depleted  matrix.  The 
oxide  is  nonadherent  at  room  temperature  after  oxidation  at  2100°C;  it  is  probable 
that  oxide  separation  occurred  during  cooling  as  a  result  of  differences  in  the 
thermal  expansion  coefficients  between  the  oxide  and  the  depleted  diboride.  In 
one  case,  after  oxidation  at  2100°C,  the  voids  near  the  surface  (caused  by  the 
preferential  oxidation  of  SiC)  were  observed  to  be  partly  filled  with  oxide.  Photo¬ 
micrographs  of  this  oxide  intrusion  are  presented  in  Figure  83. 

The  18Q0°C  interface  picture*  Figure  82,  clearly  defines  three 
zones;  these  are  (1)  the  oxide,  consisting  of  ZrOj*  and  probably  SiO^,  (2)  the 
diboride  matrix,  where  SiC  has  been  preferentially  oxidized,  leaving  voids  and 
(3)  the  original  diboride  SiC  matrix.  The  corresponding  zones  in  a  specimen 
oxidized  for  one  hour  at  1960°C  are  presented  in  Figure  84  which  also  presents 
the  specimen  microstructure  consisting  of  essentially  discontinuous  grains  of  SiC 
within  a  ZrB2  matrix. 

Reticule  photographs  of  the  1960°C  exposure  specimen  are 
presented  in  Figure  85.  The  longitudinal  section  reveals  a  dark  outer  band  cor¬ 
responding  to  the  oxide,  a  light  intermediate  band  corresponding  to  the  SiC 
depleted  matrix  and  a  central  core  of  the  ZrB^  4-  SiC  matrix.  The  oxide  has 
become  detached  during  preparation  of  the  transverse  section;  the  two  matrix 
zones  are  apparent.  Several  radial  cracks  are  observed  within  the  SiC  depleted 
zone  of  the  transverse  section.  It  is  suggested  that  the  ZrB?-SiC  composite 
matrix  might  have  a  lower  coefficient  of  thermal  expansion  man  does  the  ZrB2 
matrix  which  is  depleted  in  SiC,  resulting  in  circumferential  tensile  stresses 
within  the  depleted  band;  stress  relief  would  occur  by  the  formation  of  radial 
cracks  within  the  SiC  depleted  zone. 
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4. 


Commercial  Boride  Z 


The  oxidation  of  samples  of  Boride  Z,  a  commercial  ZrB2 
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evaluated  over  the  temperature  range  1550°  to  1950°C  for  comparison  to 

Material  V.  The  oxidation  data  are  presented  in  Table  54  and  Figure  59.  The 
commercial  material  is  found  to  have  oxide  recessions  of  3,  6,  12,  2b  and  32 
mils  after  one  hour  exposures  at  1600°,  1700°,  1800°,  1900°  and  1950°C, 
respectively.  These  values  are  about  half  as  large  as  for  Material  I  (ZrB2) 
and  5  to  10  times  larger  than  for  Material  V  (ZrB2  -  20  v/o  SiC). 

Typical  photographs  and  microstructures  of  the  oxidized 
Boride  Z  specimens  are  given  in  Figures 86  to  89.  The  macrophotographs 
are  generally  comparable  to  those  of  Material  V;  there  is  less  evidence  for  the 
formation  of  a  glassy  oxide  phase  and  the  outer  oxide  is  observed  to  become 
very  porous  at  1950°C. 

Microstructures  of  the  oxide  matrix  interface  are  given  in 
Figure 87;  the  oxides  are  adherent  after  exposures  up  to  1900°C.  Some  difficulty 
was  encountered  in  the  metallographic  preparation  of  the  interface  region, 
accounting  for  the  apparent  oxide  detachment  from  the  matrix.  Representative 
reticule  and  matrix  photomicrographs  are  shown  in  Figures  88  and  89, 
respectively. 


5.  Material  VIII  (ZrB^  4  30  v/o  Graphite  +  14  v/o  SiC) 

Oxidation  screening  has  been  carried  out  on  two  pressings  of 
Material  VHI.  The  first  (D0498)  employed  Regal  330R  carbon  having  a  particle 
size  of  2Q0A .  The  second  (00592)  employed  Poco  graphite  milled  to  325  mesh; 
microstructures  of  this  pressing  reveal  a  graphite  particle  size  of  5  to  20  microns. 
The  screening  results  are  given  in  Table  55  and  Figure  60;  the  latter  also  con¬ 
tains  oxidation  data  for  Material  XH  to  be  discussed  in  the  following  section. 

The  pressing  prepared  with  Regal  carbon  exhibits  recessions 
considerably  lower  than  Material  1  and  corresponding  to  8  mils  per  hour  at  1800°C 
and  12  mils  per  hour  at  1980°C.  The  latter  value  is  comparable  to  those  obtained 
for  Material  V.  A  specimen  run  at  2180°C  was  completely  oxidized.  Further 
oxidation  screening  runs  have  been  scheduled  to  provide  a  more  complete  evalua¬ 
tion  of  this  material. 

In  contrast,  the  pressing  prepared  from  Poco  graphite  yields 
oxidation  data  comparable  to  Material  I  up  to  1800°C.  Some  improvement  over 
Material  1  is  observed  at  higher  temperatures  where  a  one  hour  recession  of  75 
mils  is  obtained  at  19?0°C;  this  is  about  six  times  greater  than  for  the  pressing 
containing  Regal  graphite.  A  specimen  run  for  one  hour  at  2000°C  was  completely 
oxidized. 


Repr  e a  entative  post  oxidation  microstructures  of  the  two  pressings 
are  given  in  Figures  90  to  92.  The  Regal  graphite  containing  material  yields  a 


glassy  outer  oxide  at  1820°C ,  Figure  90  and  a  tight,  uniform  oxide  at  1980°C. 

The  Poco  graphite  containing  material  yields  a  slightly  puckered  outer  oxide  at 
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in  Figure  91  depict  a  very  porous  depletion  zone  (between  the  original  matrix 
and  the  oxide}  in  the  Regal  graphite  material  and  a  uniform  depletion  (much  like 
observed  for  Material  V  in  Figure  82  )  in  the  Poco  graphite  material.  Representative 
matrix  photographs  of  the  two  screening  materials  are  presented  in  Figure  92. 

6.  Material  XII  (ZrB^,  +  X  v/o  Graphite) 

Three  pressings  of  Material  XII  have  been  screened.  The 
oxidation  results  are  given  in  Table  56  and  Figure  60.  The  pressings  represent 
the  following  formulations: 

D0561  -  ZrB2(I02A)  +  50  v/o  Poco  graphite 

D0572  -  ZrB2(I03A)  +  5  v/o  Thornel  25  graphite  yarn 

D0585  -  ZrB2(I07)  +  20  v/o  Poco  graphite 

In  the  ensuing  discussion,  these  will  be  referred  to  as  the  50,  20  and  5%  mixtures. 
The  50%  mixture  yields  very  high  oxidation  rates  at  all  temperatures  over  the 
range  1600°  to  2009°C.  It  is  likely  that  the  oxidation  experiments  carried  out  were 
either  air  supply  or  diffusion  limited;  the  data  points  presented  in  Figure  60 
therefore  represent  minimum  values.  The  20%  and  5%  mixtures  yield  oxidation 
data  which  is  essentially  the  same  as  Material  I.  The  presence  of  graphite 
in  these  specimens  does  not  appear  to  have  an  effect  on  oxidation  behavior. 

Representative  photomicrographs  of  the  various  oxidized 
specimens  are  presented  in  Figures  93  to  96.  The  macrophotograph  of  the  50% 
mixture  after  exposure  at  1800°C  »  Figure  93,  shows  a  uniform  outer  oxide  con¬ 
taining  numerous  pits  or  blow  holes.  This  oxide  proved  to  be  very  fragile  and 
could  easily  be  crumbled  away  from  the  matrix  core.  The  outer  oxides  of  the  20% 
and  5%  mixtures  are  similar  in  appearance  and  exhibit  a  somewhat  flakey  oxide; 
in  addition,  that  corresponding  to  the  5%  mixture  contains  some  large  blow  holes. 
The  interface  photographs  of  the  20%  mixture,  presented  in  Figure  94  show  a 
tight  adherent  oxide  matrix  interface.  The  specimen  treated  at  1860°C  for  30 
minutes  exhibits  a  much  larger  oxide  grain  size  with  considerably  more  porosity 
than  does  the  specimen  treated  at  1800°C  for  one  hour.  In  both  cases,  the  matrix 
exhibits  a  band  adjacent  to  the  oxide  which  is  depleted  in  graphite.  The  oxide  is 
detached  from  the  5%  mixture  specimen  and  is  definitely  nonadherent  in  the  case 
of  the  50%  mixture. 


The  extent  of  oxidation  at  1800°C  for  the  50%  and  20%  mixtures 
is  shown  in  the  longitudinal  reticule  photographs  presented  in  Figure  95.  The 
zone  depleted  in  graphite  is  clearly  evident  in  the  20%  mixture  photograph. 
Representative  matrix  photographs  of  the  three  pressings  are  presented  in 
Figure  96.  The  second  phase  observed  in  the  5%  mixture  specimen  (Plate  1-5962) 
is  believed  to  be  an  impurity  phase  present  in  the  ZrB£  powder. 
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7. 


Material  X  (ZrB^  +  20  v/o  SiB^) 
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pected  to  improve  oxidation  resistance  was  screened  over  the  temperature  range 
1700°  to  1900°C.  The  results  are  given  in  Table  57  and  Figure 6 1  ;  the  latter 
also  includes  data  obtained  for  selected  high  pressure  hot  pressed  specimens  of 
Material  X  and  for  Material  XI  to  be  described  later.  The  oxidation  data  for  the 
high  pressure  hot  pressed  materials  is  given  in  Tabl**  58. 

The  oxidation  behavior  of  the  conventionally  hot  pressed  ma¬ 
terial  is  essentially  the  same  as  for  Material  I.  The  high  pressure  hot 
pressed  material  presents  a  slightly  lower  level  of  oxidation  and  also  exhibits 
preferential  oxidation  of  the  additive  phase  resulting  in  a  depleted  band  between 
the  oxide  and  the  matrix. 

Typical  microstructures  of  the  oxidized  specimens  are  given 
in  Figure  97.  The  outer  oxide  is  dense  and  uniform.  The  oxide  forms  an  ad¬ 
herent  interface  with  the  matrix.  The  grain  size  and  distribution  of  the  additive 
phase  is  shown  in  the  matrix  photograph. 

8.  Material  XI  (ZrB.,  4  8  v/o  Cr) 

A  limited  amount  of  oxidation  data  was  collected  on  high 
pressure  hot  pressed  specimens  of  Material  XI,  in  which  the  chromium  was  ex¬ 
pected  to  act  as  a  grain  boundary  binder  phase.  The  oxidation  results  are  given 
in  Table  58  and  Figure  61.  At  1700°C,  the  one  hour  oxidation  of  Material  XI  is 
twice  that  of  ZrB?;  the  two  materials  have  approximately  equivalent  oxide  re¬ 
cessions  at  1850°C.  It  was  determined  that  the  oxidation  behavior  of  Material 
XI  did  not  fulfill  original  expectations  and  no  further  screening  was  carried  out. 

9.  Material  II  (HfBJ 

Specimens  of  hafnium  diboride  prepared  from  three  separate 
powders  were  tested  over  the  range  1600°  to  2050°C;  the  experimental  results 
are  presented  in  Table  59  and  Figure  62  .  Samples  from  the  three  powders 
(1105,  1106  and  1107)  all  yielded  equivalent  oxidation  results;  furthermore,  the 
various  screening  structures  prepared  from  1105  powders  all  yielded  comparable 
behavior,  precluding  a  ranking  in  order  of  oxidation  resistance. 

The  data  yield  a  logarithmic  variation  of  the  one  hour  reces¬ 
sion  values  with  temperature  over  the  entire  range  of  testing.  One  hour  boride 
recessions  of  5,  12,  28  and  70  mils  were  observed  at  1700°,  1800°,  1900°  and 
2020°C,  respectively.  These  values  are  very  similar  to  data  obtained  in  another 
current  study  for  the  entire  temperature  range  investigated  (5  ).  Two  experi¬ 
ments  carried  out  near  2000°C  involved  air  flow  rates  of  0.2"and  0.5  ft/sec  STP. 
The  boride  recessions  were  lower  than  average  in  both  cases,  indicative  of  air 
supply  limited  oxidation  behavior.  For  comparable  temperature  ranges  (1550° 
to  1800°C),  the  oxidation  resistance  of  Hfl^  is  about  twice  that  of  ZrB-,. 
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Representative  photomicrographs  of  the  oxidized  specimens 
are  presented  in  Figures  98  through  103.  The  outer  oxides  shown  in  iigure  'i o 
are  tight,  dense  and  adherent  for  exposures  up  to  1800°C;  at  1900°C,  the  oxide 
becomes  very  porous.  The  interface  pictures  in  Figure  99  show  adherent  oxides 
for  specimen  exposures  up  to  1800°C;  the  oxide  consists  of  equiaxial  grains  at 
all  temperatures  with  a  grain  size  comparable  to  that  of  the  diboride  matrix. 

Oxide  porosity  increases  with  temperature  and  is  especially  pronounced  after 
1900°C.  Reticule  pictures  of  a  specimen  oxidized  at  1810°C  are  shown  in 
Figure  100;  diboride  conversion  to  oxide  is  very  uniform.  The  matrix  structure 
of  the  same  specimen  is  shown  in  Figure  101.  For  comparison,  various  pictures 
of  an  oxidized  specimen  prepared  from  the  evaluation  lot  of  1106  powder  are  given 
in  Figures  102  and  103.  The  latter  specimen  exhibits  smaller  matrix  and  oxide 
grain  sizes  than  doe*  the  equivalently  screened  specimen  prepared  from  1105 
powders.  Other  metallographic  features  of  the  two  materials  are  comparable. 

10.  Materials  III  (HfB.,  »  20  v/o  SiC)  and  IV  (HfB^  ♦  35  v/o  SiC) 

Q  The  oxidation  screening  results  for  the  temperature  range 

1800  to  2100  C  are  presented  for  formulations  of  HfB2  and  SiC  in  Tables  60  and 
61  ,  Figures  63  and  64.  These  data  show  a  15  to  20  timeB  improvement  of  oxi¬ 
dation  resistance  over  that  of  unalloyed  HfB£.  On  the  average,  the  oxidation  data 
for  Material  111  show  a  slightly  lower  recession  than  was  obtained  in  Btudies 
carried  out  in  a  concurrent  program  (  5  ).  This  slight  difference  is  not  considered 
to  be  significant.  A  limited  number  oftests  carried  out  for  Material  IV  show  an 
increased  protection  above  2000°C  relative  to  Material  III.  The  HfB2  +  SiC  ma¬ 
terials  are  about  twice  as  protective  as  previously  reported  (3  )  and  exhibit  3  to 
4  times  the  protection  that  is  afforded  by  Material  V  (ZrB£  +"SiC).  Silicon  carbide 
recessions  of  Material  III  and  IV  as  well  as  V  are  equivalent.  As  with  the  pre¬ 
vious  materials,  it  is  not  possible  to  rate  the  effectiveness  of  protection  for  the 
selected  screening  structures. 

Representative  microstructures  of  the  oxidized  specimens  are 
presented  in  Figures  104  to  111.  The  outer  oxides,  Figures  104  and  108  are  dense 
and  adherent  at  all  temperatures  examined;  the  oxides  are  definitely  glassy  at  the 
lower  temperatures  but  lose  this  characteristic  and  become  somewhat  roughened 
at  2100°C.  In  contrast.  Material  V  loses  the  glass  forming  property  and  becomes 
roughened  at  1960°C,  Figure  81  .  The  interface  pictures  show  good  adhesion  be¬ 
tween  the  oxide  and  the  matrix,  which  in  all  cases  is  depleted  of  SiC.  The  oxide  is 
detached  from  the  matrix  in  the  case  of  Material  IV  at  2100°C,  Figure  109.  This 
separation  probably  occurred  as  a  result  of  differences  in  thermal  expansion 
between  the  oxide  and  matrix.  The  matrices  of  Material  IV  show  more  porosity 
than  can  be  accounted  for  by  SiC  depletion  alone;  the  additional  porosity  is  a 
result  of  grain  pullout  during  metallographic  preparation. 

Reticule  photographs  of  the  longitudinal  and  transverse  sections 
of  specimens  oxidized  at  1950°C  are  presented  in  Figures  106  and  1 10.  Radial  type 
cracks  are  observed  in  the  photogra;  is  ol'  the  Material  III  specimens  which,  as 
described  previously,  are  attributed  to  circumferencial  stresses  developed  in  the 
SiC  depleted  matrix  zone  during  specimen  cooling.  Matrix  photomicrographs  of 
the  same  specimens  are  shown  in  Figures  IC7  and  111.  The  excessive  grain  pullout 
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within  the  depleted  zone  of  Materially,  which  is  believed  to  occur  during  metal- 
lographic  preparation,  is  clearly  evident  in  the  low  magnification  interface 
pi  chirp  nr*»B*»r>ted  in  Figure  111.  Since  Material  IV  contains  35  v/o  SiC.  it  is 
likely  that  there  are  localized  interconnections  of  SiC  grains  enhancing  the 
likelyhood  of  grain  pullout. 

11.  Material  VI  (HfBo  4  4  v/o  Hf-27Ta) 

Oxidation  screening  was  carried  out  over  the  temperature 
range  1750  C  to  1950  C;  the  results  are  presented  in  Table  62  and  Figure  65  . 
The  oxidation  results  yield  slightly  higher  conversion  values  than  for  unalloyed 
HfB2*  For  comparison,  a  few  additional  oxidation  runs  were  carried  out  on  high 
pressure  hot  pressed  specimens.  The  results,  which  are  givem  in  Table  58  and 
Figure  65  are  exactly  comparable  to  the  conventionally  hot  pressed  material. 

The  characteristics  of  the  outer  oxide  shown  in  Figure  112  are 
very  similar  to  those  observed  for  unalloyed  HfB2  at  equivalent  temperatures. 
Selected  microstructures  of  the  oxidized  specimens  are  shown  in  Figures  113  to 
115.  Oxide  adherency  to  the  matrix  is  maintained  at  room  temperature  in  speci¬ 
mens  exposed  at  temperatures  up  to  1875°C;  the  oxides  of  the  1875°  and  1960°C 
test  specimens  are  very  porous.  The  distribution  of  the  additive  phase,  be¬ 
lieved  to  be  a  carbo- boride  of  the  original  Hf-2?Ta  alloy  phase,  is  shown  in  the 
matrix  photographs,  Figure  115,  No  evidence  was  found  for  preferential  oxida¬ 
tion  of  the  converted  additive  phase. 

12.  Effect  of  SiC  Content  on  Boride  Oxidation 


To  determine  the  effect  of  silicon  carbide  content  on  boride 
oxidation,  a  series  of  oxidation  experiments  have  been  carried  out  at  1800°,  1950° 
and  2100°C  on  Material  III  specimens  containing  10  v/o  SiC  and  Material  V  speci¬ 
mens  containing  5,  10,  15,  35  and  50  v/o  SiC.  The  results  are  presented  in 
Table  63. 


The  boride  and  SiC  depletions  of  Material  111  specimens  con¬ 
taining  10  v/o  SiC  are  two  times  greater  than  for  specimens  containing  20  v/o  SiC 
at  1800°C  and  are  approximately  the  same  at  2100°C;  these  data  are  presented  in 
Figure  116.  In  the  case  of  Material  V,  Figure  117  the  one  hour  boride  recession 
is  lowest  in  specimens  containing  35  v/o  SiC;  observed  recessions  are  2,  3  and 
33  after  one  hour  exposures  in  air  at  1800°,  1950°  and  2100°C,  respectively.  The 
specimens  containing  50  v/o  SiC  yield  low  one  hour  recessions  (  3  and  6  mils)  at 
1800°  and  1950°C,  but  are  completely  oxidized  at  2100°C.  Addition  of  15  v/o  SiC 
showbehavior  comparable  to  the  data  presented  for  Material  V  while  the  5  and  v/o 
additions  arc  less  oxidation  resistant. 

It  is  concluded  that  additions  of  35  v/o  SiC  to  both  ZrBg  and 
HfB2  provides  the  greatest  protection  for  the  temperature  range  1800°  to  2100°C 
while  reasonable  good  protection  can  be  maintained  with  SiC  contents  as  low  as 
15  v/o  for  2rB2  and  10  v/o  for  HfB^. 
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1 3 .  Occurrence  of  Gross  Cracks  in  SiC  Depleted  Zones  in 
Materials  III,  IV  and  V 


Several  of  the  reticule  section  photographs  of  Materials  III, 
IV  and  V  (for  example.  Figures  85  and  106)  exhibit  cracks  within  the  SiC  de¬ 
pleted  matrix  tune;  the  cracks  are  generally  normal  to  the  oxide  matrix  and 
SiC  depleted  -  undepleted  matrix  interfaces.  It  has  been  suggested  that  the 
cracks  form  as  a  result  of  circumferential  tensile  stresses  within  the  depleted 
matrix  which  are  generated  during  the  specimen  cooldown  after  an  oxidation 
exposure  due  to  differences  in  thermal  expansion  between  the  depleted  and 
normal  matrices.  In  this  event,  cracking  would  be  expected  only  for  the  cases 
where  a  diboride  plus  SiC  core  is  still  present  in  the  oxidized  specimens. 

The  interpretation  is  supported  in  part  by  an  examination  of 
the  longitudinal  and  transverse  section  photographs  of  all  oxidation  specimens  of 
Materials  III,  IV  and  V  for  the  presence  of  cracks.  Pictures  requiring  a  mar- 
ginal  judgement  were  disregarded.  The  following  results  were  obtained. 

a.  Specimens  Partially  Depleted  in  Silicon  Carbide 

Material 


HI 

_iv 

X 

Total  Number 

29 

4 

28 

Number  Cracked 

15 

8 

14 

Frequency  of  Crack 

Formation  -  % 

52 

50 

50 

Specimens  Completely  Depleted  in 

Silicon  Carbide 

Material 

HI 

iv 

_v 

Total  Number 

15 

2 

4 

Number  Cracked 

3 

0 

0 

Frequency  of  Crack 

Formation  -  % 

20 

0 

0 

Half  of  the  specimens  of  each  material  were  found  to  have  cracks  in  the  depleted 
matrix  zone  when  a  diboride  SiC  core  is  present,  but  only  3  of  21  specimen  sec¬ 
tions  were  found  to  have  cracks  when  SiC  depletion  was  complete. 


D.  Summary 


A  summary  of  the  observed  screening  material  recessions  after  one 
hour  exposures  in  flowing  air  is  given  in  Table  64  .  Three  distinct  levels  of 
oxidation  resistance  are  represented.  The  first,  including  Materials  1,  VIU  (Poco 
v  vtt  vtt  coni?*! crcici.1  zirconium  dibcridss  Iiclvc  good  rcsistsinc* 

<  *1  comparison  to  other  refractory  materials  and  are  useful  for  one  hour  exposures 
to  1800°C.  A  second  level  is  represented  by  Materials  II,  VI,  VIII  (Regal 
graphite)  and  by  commercial  Boride  Z  which  are  twice  as  protective  as  ZrB?  and 
can  be  employed  up  to  temperatures  of  about  2000°C.  Finally,  ZrB2  and  Hf&2 
containing  SiC  present  in  amounts  of  20  to  35  v/o  (Materials  V,  III  and  IV)  provide 
an  order  of  magnitude  reduction  in  oxide  conversion  compared  to  HfB>.  These 
mate  ials  can  be  used  for  one  hour  exposures  at  temperatures  up  to  2I00°C  or 
higher  for  shorter  times. 


IX.  THERMAL  STRI  3S  RESISTANCE 


A .  Introduction 


The  failure  of  ceramic  materials  under  Ky  thermal 

gradients  is  well  known.  One  of  the  objectives  of  the  present  investigation  of 
diboride  materials  is  to  develop  a  thermal  stress  resistant  material  without  sig¬ 
nificant  less  of  high  temperature  thermal  and  mechanical  stability  and  oxidation 
resistance. 


Laboratory  thermal  stress  resistance  measurements  under  steady 
state  heat  flow  conditions  are  being  performed  to  provide  an  experimental  relative 
rating  of  the  materials  and  micro  structure  a  under  evaluation  in  Phase  Two  of  this 
program.  Such  data  will  be  used  to  assist  in  the  selection  of  the  microstructures 
v. Inch  will  be  fabricated  as  six  inch  diameter  discs  in  the  final  phase  of  the  pro¬ 
gram.  The  thermal  stress  resistance  data  will  also  be  useful  in  the  selection  of 
the  materials  to  be  evaluated  in  transient  heating  conditions  of  simulated  hyper¬ 
sonic  flight  leading  edge  specimens  (19). 

Additional  dynamic  thermal  stress  resistance  data  for  materials  de¬ 
veloped  in  this  investigation  are  being  generated  under  a  concurrent  Air  Force 
program  at  ManLabs,  Inc.  (S>).  A  variety  of  candidate  high  temperature  materials 
are  being  characterized  by  performance  in  hot  gas/cold  sample  arc  plasma  eval¬ 
uations  over  a  wide  range  of  stream  conditions  and  time  exposures.  Extensive 
background  information  is  needed  to  fully  understand  the  significance  of  these 
evaluations;  consequently,  the  results  are  not  presented  herein,  but  are  described 
in  detail  in  the  reports  of  the  other  program. 

B.  Experimental  Evaluation  of  Steady  State  Thermal  Stress  Resistance 

1 .  Introduction 

A  primary  consideration  in  the  use  of  brittle  materials  in  high 
temperature  applications  is  the  resistance  of  the  material  to  thermal  stress  frac¬ 
ture.  These  stresses  arise  from  the  requirement  for  displacement  accommodation 
of  body  elements  when  they  undergo  different  thermal  dilations  due  to  temperature 
variations  in  the  body.  In  a  ductile  material,  accommodation  of  thermal  stresses 
result  from  a  combination  of  plastic  and  elastic  strain;  fracture  does  not  usually 
occur  since  the  induced  plastic  strain  is  normally  only  a  small  percentage  of  that 
needed  for  fracture.  On  the  other  hand,  in  brittle  materials,  the  accommodation 
can  only  result  from  elastic  strain  and  catastrophic  failure  will  result  when  strains 
of  the  order  of  0.01  to  1  per  cent  develop,  depending  on  the  mechanical  properties 
of  the  material.  However,  as  temperature  is  increased,  a  point  is  reached  where 
formerly  brittle  materials  will  exhibit  enough  plastic  flow  to  significantly  increase 
their  ability  to  accommodate  thermal  strain.  This  tendency  will  first  appear  under 
slow  heating  or  low  strain  rates  and  as  temperature  is  further  increased,  it 
appears  at  increasingly  higher  strain  rates  (20). 


SO 


When  significant  plastic  flow  does  occur,  simple  thermoelastic 
theory  will  underestimate  the  thermal  stress  resistance  of  the  material.  In 
order  to  completely  define  the  potential  of  a  material  under  conditions  where 
such  stress  relaxation  occurs,  the  stress  strain  behavior  of  the  material  as  a 
fimrHnn  0t  temperature  end  strain  rate  iv.ua t  bu  kuu«u.  Alluuugh  ouch  an  approach 
is  desirable,  its  use  in  a  materials  development  program  is  usually  prohibited  by 
the  time  and  cost  involved  in  obtaining  the  property  data  required.  For  materials 
that  behave  elastically,  the  resistance  of  a  material  to  thermal  stress  can  be  cal¬ 
culated  much  more  readily  from  the  thermal  and  mechanical  properties  of  the 
material,  but  measurement  of  the  thermal  stress  resistance  greatly  reduces  the 
number  of  measurements  that  must  be  made  and  gives  a  more  reliable  result. 

Two  general  types  of  tests  for  the  resistance  of  materials  to 
thermal  stress  are  commonly  used.  In  one,  the  extent  of  damage  (e.g.  ,  spalling 
or  strength  loss)  is  measured  after  application  of  thermal  exposures  standardized 
as  to  severity  and  number.  These  tests  provide  a  measure  of  the  characteristic 
referred  to  as  "thermal- shock- damage  resistance"  (21).  In  the  other  type  of  test, 
the  exposure  conditions  necessary  to  initiate  fracture  are  measured  directly.  This 
type  of  test  yields  data  on  a  characteristic  referred  to  as  the  "thermal- shock- 
fracture  resistance"  or  thermal  stress  resistance  (21).  The  first  type  of  test  in¬ 
volves  the  tacit  assumption  that  fracture  may  occur.  However,  the  extent  of 
damage  measured  is  governed  by  those  physical  properties  of  the  material  which 
affect  the  propagation  of  cracks  once  nucleated.  Such  a  test  is  limited  in  value  to 
specific  applications  and  is  quite  unsuited  for  general  evaluations  of  structural 
materials  in  which  even  a  small  crack  can  act  as  a  stress  concentrater  and  must 
be  avoided.  Thus,  a  thermal  stress  test  which  is  to  provide  quantitative  data  for 
structural  materials  must  be  one  that  measures  the  conditions  for  crack  initiation. 
This  type  of  test  can  have  broad  utility  and  can  provide  data  having  clear  significance. 

By  considering  simple  shapes  in  a  variety  of  thermal  stressing 
situations,  analytical  descriptions  have  been  developed  for  the  conditions  to  initi¬ 
ate  fracture  of  a  brittle  material.  These  descriptions  show  that  no  single  param¬ 
eter  or  test  value  is  a  suitable  index  to  rate  a  materials  resistance  for  all  con¬ 
ditions  of  thermal  stressing.  Material  properties  that  affect  thermal  stress  re¬ 
sistance  are  thermal  expansion  coefficient.  Young's  modulus,  strength  and,  depend¬ 
ing  on  the  situation,  Poisson's  ratio,  thermal  conductivity,  diffusivity  and  emissivity 
and  where  plastic  strain  occurs,  the  stress  strain  behavior  as  a  function  of  temp¬ 
erature  and  strain  rate.  The  shape  and  sometimes  the  size  of  the  specimen  also 
have  significant  effects. 

Analyses  for  different  conditions  result  in  the  following  three 
parameters  that  can  be  used  to  rate  the  thermal  stress  resistance  of  material  under 
conditions  where  plastic  strain  is  insignificant: 
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where 


fracture  stress 


<5  = 

£  =  Young's  modulus 

Ot  =  linear  coefficient  of  thermal  expansion 

k  =  coefficient  of  thermal  conductivity 
a  -  ___ —  _  thermal  diffusivity 

p  a  density 

Cp  =  specific  heat 

Conceptually,  the  critical  conditions  for  fracture  f  is  defined 
fay  the  simple  product  relation,  f  =  P,  .  S,  where  R  is  the  appropriate  material 
parameter,  II ( ,  Rj,  or  R^  and  S  is  a  corresponding  parameter  dependent  only 
on  specimen  geometry  or  size.  R .  applies  when  fracture  results  from  an  extreme 
thermal  shock,  in  which  case  £  is  the  instantaneous  surface  temperature  change, 
AT/,  of  an  object  initially  at  uniform  temperature  and  suddenly  immersed  in  a 
medium  at  a  different  temperature.  R,  is  the  proportionality  factor  for  the  steady 
heat  flow,  W  ,  that  will  cause  a  sufficient  temperature  gradient  to  induce  frac¬ 
ture.  R3  applies  to  the  minimum  constant  rate  of  surface  temperature  changes, 

4  f,  that  will  cause  fracture. 

These  relations  only  apply  when  plastic  strain  does  not  occur 
and  they  do  not  cover  all  possible  conditions.  For  example,  in  the  case  of  a  shape 
at  a  uniform  temperature  immersed  suddenly  in  a  medium  at  a  lower  temperature, 
the  relation  AT/  =  RfS  holds  only  when  Biot' s  modulus*  is  greater  than  about 
20  (22).  If  Biotas  modulus  is  very  email  ATf  -  R2S  is  applicable,  but  for  inter¬ 
mediate  values  of  $,  ATf  is  not  directly  proportional  to  any  of  the  three  material 
parameters.  Manson  (23)  has  developed  an  expression,  however,  for  ATf  in 
terms  of  Rf,  R2  and  rmb  for  all  values  of 


Biot's  modulus  is  the  surface  heat  transfer  ratio  defined  by: 


where 

r  3  normal  distance  from  center,  midplane  or  axis  to 
surface  of  specimen 

h  s  coefficient  of  heat  transfer  between  surroundings 
and  surface 

k  =  coefficient  of  thermal  conductivity 
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Poisson's  ratio  has  not  been  included  in  the  material  param¬ 
eters  R  ,  R2  and  R3  even  though  it  is  a  material  property  than  can  affect  thermal 
stress  resistance.  The  analyses  indicate  that  the  nature  and  extent  of  the  influence 
of  roisBuii'a  iauu  depends  solely  cr.  the  chape  under  Therefore,  it 

has  been  considered  as  a  property  of  the  shape  rather  than  of  the  material  and  is 
included  in  the  shape  parameter,  S.  This  requires  an  assumption  that  Poisson's 
ratio  does  not  vary  significantly,  which  is  a  good  approximation  in  the  caoe  of 
dense  ceramic  materials. 


2.  Experimental  Methods 


A  simple  experimental  technique  has  been  developed  for  quanti¬ 
tatively  measuring  the  R2  parameter  directly;  this  method  does  not  require  prior 
knowledge  of  the  thermal  and  mechanical  properties  of  the  test  material  (24-26). 
Rl  and  R3  values  can  be  determined  readily  from  R2  from  the  following  relations: 


Rt  =  R2/k 
^3  =  ^2^ ^cp 


(4) 

(5) 


Under  conditions  of  steady  radial  heat  flow  through  the  wall  of  a  hollow  cylinder, 
the  heat  flow  per  unit  length  at  fracture,  W_iax,  is  the  product  of  the  separable 
parameters  R_2  (defined  by  properties  of  the  material)  and  S  (defined  by  the 
specimen  shape)  where: 


W 


max 


R2<  S 

y* 

•jjrjj-  ,  as  defined  above 

a  dimensionless  parameter  describing  the 
shape  of  the  specimen 


(6) 


For  a  hollow  circular  cylinder  with  radii  b  and  a  and  height  h,  S  depends  on 
b/a,  h/a  and  in  some  cases  also  on  Poisson's  ratio. 


The  use  of  this  relationship  to  assess  quantitatively  the  thermal 
stress  resistance  of  different  ceramic  materials,  i.e.,  to  measure  values  of  R~ 
requires  the  following: 


(a)  an  apparatus  in  which  hollow  cylindrical  specimens  can  be 

fractured  under  a  condition  of  radial  steady  heat  flow  and 
in  which  heat  flow  per  unit  length  at  fracture,  W  ,  can 
be  measured  accurately;  max 

(b)  a  separate  evaluation  of  the  shape  factor,  S,  for  the  speci¬ 
mens  so  that  the  desired  material  factor,  R2  can  be  obtained 
from  the  relationship: 


R2  "  Wmax/S 


(7) 
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Pact  work  at  Battelle  (24-  26)  has  established  the  validity  of  the  above  product 
relationship  and  developed  an  apparatus  to  provide  the  required  heat  flow  condi¬ 
tions  and  values  of  shape  factors  for  a  range  of  specimen  shapes. 
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relation  given  by  Eq.  (6),  groups  of  well  controlled  ceramic  specimens  of  two 
different  types  (SiC  and  Al^P^)  with  significantly  different  shape  factors  were 
tested.  One  group  of  specimens  had  a  circular  inner  boundary  and  a  square  outer 
boundary  and  samples  in  the  other  group  were  hollow  cylinders.  In  both  groups 
of  samples,  the  ratio  of  the  area  between  boundaries  to  that  enclosed  by  die  outer 
boundary  was  about  60  per  cent.  Some  results  obtained  with  specimens  having 
lengths  five  times  their  inner  radii  are  shown  in  Table  65.  Failure  was  always 
marked  by  the  appearance  of  a  longitudinal  crack,  which  was  located  at  one  of  the 
places  of  minimum  wall  thickness  in  the  square  tubes. 


The  product  relation  is  tested  by  computing  the  SiC  to 
ratio  for  each  geometry.  If  the  product  relation  is  valid,  the  two  ratios  should 
be  equal.  The  ratios  and  their  probable  errors  in  the  above  case  are  listed  in 
the  final  column  of  Table  65.  Since  the  ratios  are  nearly  equal,  the  results  tend 
to  support  the  theoretically  derived  product  relation  given  by  Eq.  (6). 

To  obtain  values  of  fig,  the  material  factor  of  the  ceramic,  it  is 
necessary  that  the  shape  factor,  S,  of  the  specimen  be  known.  Theoretical  and 
experimental  analyses  at  Battelle  have  yielded  values  of  S  for  a  range  of  speci¬ 
men  shapes. 


Figure  118  gives  shape  factor  values  for  hollow  circular  cylinders 
having  radius  ratios  of  1. 5  and  1.7  and  of  any  length.  Similar  data  are  available 
for  circular  cylinders  having  a  radius  ratio  of  1.3.  Although  experimental  data 
are  not  available  for  hollow  circular  cylinders  having  radius  ratios  of  2.0,  calcula¬ 
tion  of  the  shape  factor  for  a  thin  washer  along  with  extrapolation  of  the  experi¬ 
mental  data  for  thinner  walled  cylinders  gave  the  data  shown  for  a  radius  ratio  of 
2.0.  The  curve  for  cylinders  having  a  triangular  (equilateral)  outer  boundary,  a 
one  inch  diameter  circular  inner  boundary  and  a  solidity*  of  70  per  cent  was  obtained 
by  extrapolation  between  the  theoretical  (26)  and  photoelastic  (27)  results  for  a  thin 
washer  and  the  experimental  results  for  two  inch  long  triangular  samples  of  60  per 
cent  solidity  with  a  1  inch  diameter  inner  boundary  (26). 

3.  Experimental  Apparatus  and  Procedure 

A  view  of  the  experimental  apparatus  used  to  measure  the  ma¬ 
terial  parameter,  R2,  is  shown  in  Figure  119.  A  cross  sectional  view  of  the 
arrangement  of  the  sample  and  guard  rings  around  the  graphite  heater  element  are 
provided  in  Figure  120.  This  apparatus  has  been  designed  to  provide  a  controlled, 
measurable  radial  heat  flow  through  the  wall  of  a  hollow,  cylindrical  specimen. 


? - - 

Solidity  is  the  solid  cross  sectional  area  divided  by  the  area  defined  by  the  outer 

boundary. 


The  specimen  is  aligned  concentrically  on  the  heater  rod 
between  one  or  more  upper  and  lower  guard  tubes.  Upon  applying  power  to  the 
heating  rod,  heat  flows  radially  through  the  specimen,  producing  a  radial  temp- 
?«*•  ar>^  r*«uH»nt  thermal  As  the  t>nw«r  delivered  to  the 

heater  rod  is  increased,  the  critical  tensile  stress  in  the  wall  becomes  greater. 

In  testing,  the  stress  is  increased  by  increasing  the  power  until  fracture  occurs. 

The  temperature  is  measured  by  sighting  an  optical  pyrometer  on  the  outer 
surface  of  the  specimen  and  by  placing  thermocouples  near  the  inner  and  outer 
surfaces  of  the  sample.  The  thermocouple  outputs  are  fed  into  a  two  point  re¬ 
corder  to  obtain  a  record  of  the  thermal  history  of  the  sample  and  to  indicate  when 
steady  state  conditions  are  established. 

To  obtain  fracture  under  steady  state  conditions,  the  power  to 
the  heater  rod  is  increased  in  small  increments  and  it  is  retained  after  each  in¬ 
crement  until  the  outer  wall  temperature  becomes  constant.  The  heat  flow  (power) 
per  unit  length  at  which  fracture  occurs  (Wmav)  is  recorded.  This  value  divided 
by  the  appropriate  shape  factor  gives  the  R£  parameter  which  quantitatively  de¬ 
scribes  the  resistance  of  the  material  to  fracture  due  to  thermal  stress.  No  diffi¬ 
culty  had  been  experienced  in  determining  fracture;  an  axial  crack  opens  which  can 
be  readily  discerned  because  of  the  bright  heater  rod  background.  For  circular 
cylinders,  the  maximum  tensile  stress  occurs  at  the  outer  diameter.  For  a 
triangular  sample,  the  maximum  tensile  stress  occurs  at  the  outer  boundary  at  the 
center  of  the  sides  of  the  triangle. 

For  power  measurements,  small  holes  are  drilled  in  the  heater 
rod  at  points  approximately  opposite  the  ends  of  the  specimen  and  the  distance 
between  these  holes  is  measured  accurately.  A  4  mil  tungsten  wire  is  forced  into 
each  hole  and  passed  through  a  small  hole  drilled  in  a  guard  tube.  A  connection  is 
then  made  through  the  base  to  a  Model  300G  BallantLne  electronic  voltmeter  which 
has  an  accuracy  of  1  per  cent  and  is  relatively  unaffected  by  high  resistance  in  the 
measuring  circuit.  The  heater  current  is  passed  through  the  primary  of  a  type  RT 
W  eating  ho  use  current  transformer  with  a  calibrated  primary/ secondary  current 
ratio  of  approximately  800/5.  A  Model  1954  Weston  ammeter  with  an  accuracy  of 
l/2  per  cent  is  used  to  measure  the  secondary  current.  The  power  (heat)  dissipated 
per  unit  length  at  the  gage  section  of  the  heater  element  is  the  product  of  the  trans¬ 
former  ratio  times  the  current  reading  times  the  voltage  reading  divided  by  the 
distance  between  the  voltage  leads . 

In  past  work,  a  major  concern  was  whether  the  necessary  condi¬ 
tions  of  radial  steady  heat  flow  could  be  met  adequately  in  the  apparatus.  As  a 
result,  the  heater  element  was  made  long  compared  with  the  specimen  length  so 
that  the  temperature  of  the  center  section  of  the  heater  rod  shows  little  variation  in 
the  axial  direction.  This  feature  also  minimizes  axial  conduction  in  the  heater  rod 
and  axial  heat  flow  by  radiation.  Axial  conduction  in  through  the  guard  rings  was 
also  found  to  be  insignificant  so  long  as  the  heat  transfer  characteristics  of  the 
guard  ring  are  similar  to  those  of  the  test  specimen.  If  the  tests  are  run  in  an  inert 
atmosphere  rather  than  in  vacuum,  axial  heat  flow  by  convection  can  also  occur. 
However,  heat  loss  is  considered  insignificant  in  the  closed  space  between  the  heater 
rod  and  the  sample. 
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4.  Experimental  Results  and  Discussion 

The  experimental  work  thus  far  has  consisted  of  preliminary 
evaluations  to  determine  the  behavior  of  refractory  diborides  to  thermal  stresses 
resulting  from  steady  state  temperature  gradients.  The  objective  of  these  de¬ 
ls  rmismticiss  - z  to  define  the  sample  geometry  and  test  couditiuu«  ucCcasaiy  to 
cause  brittle  failure  without  appreciable  plastic  strain.  Under  these  conditions, 
quantitative  thermal  stress  resistance  data  can  be  obtained  with  measuring  the 
materials  properties  which  fix  thermal  stress  resistance.  For  comparison  pur¬ 
poses,  KT-SiC  has  also  been  evaluated.  The  results  of  the  preliminary  evalua¬ 
tions  are  summarized  in  Table  66. 


a. 


KT-SiC 


The  KT-SiC  samples  evaluated  for  comparison  purposes 
were  1,7  inches  outside  diameter  and  1.0  inch  long.  Calculation  of  the  factor  R.2 
from  the  best  available  property  data  (28)  yielded  a  value  of  4.87  cal/cm  sec. 
Property  data  at  131S°C  were  used  for~thia  calculation,  since  strength  and  modulus 
data  are  not  available  at  1350°C.  The  range  shown  in  Table  66  for  the  experimental 
values  of  R2  ia  due  to  the  size  of  the  incremental  increases  in  heat  flux.  In  each 
case,  the  lower  value  represents  the  highest  Rj  value  at  which  the  sample  did  not 
fail  and  the  higher  value  represents  the  R2  value  to  which  the  sample  was  exposed 
when  failure  occurred.  Thus,  the  actual  experimental  value  of  R2  lies  somewhere 
between  these  values.  As  shown  by  the  data  in  Table  66,  the  calculated  and  ex¬ 
perimental  values  agree  quite  well  for  this  material.  Figure  12 1  shows  one  of  the 
KT-SiC  samples  after  thermal  stress  failure.  The  failure  was  catastrophic,  as 
evidenced  by  the  separation  of  the  broken  pieces  by  the  kinetic  energy  imparted 
to  them  when  failure  occurred.  It  should  also  be  noted  in  Figure  121  that  some  of 
the  free  silicon  in  KT-SiC  has  beaded  on  the  inside  diameter  where  the  temperature 
was  above  the  melting  point  of  silicon,  1410°C. 

b.  1.7  Inch  Outside  Diameter  Diboride  Samples 

The  samples  in  the  first  group  of  diboride  samples  evalua¬ 
ted  were  1.7  inches  outside  diameter,  1.0  inch  inside  diameter  and  approximately 
0.75  inches  long.  Evaluation  of  Material  I,  102  D0364  revealed  that  the  tempera¬ 
ture  at  the  inner  wall  of  the  sample  at  the  heat  flux  required  to  cause  failure  was 
between  1700°  and  1800°C.  Since  macroscopic  plastic  flow  has  been  observed  in 
mechanical  tests  conducted  in  this  temperature  range,  it  was  apparent  that  lower 
■ample  temperatures  would  be  required  in  order  to  produce  brittle  failure  under 
the  slow  heating  (strain)  rates  used  in  evaluating  the  materials  under  steady  state 
conditions.  Several  techniques  for  lowering  the  sample  temperature  by  increasing 
the  rate  of  heat  transfer  away  from  the  outer  surface  were  evaluated.  These  in¬ 
cluded  (1)  coating  the  outer  surface  of  the  sample  with  colloidal  carbon  to  improve 
its  emissivity,  (2)  conducting  the  test  in  a  helium  atmosphere  to  get  conductive  and 
convective  transfer  away  from  the  surface  and  (3)  conducting  the  tests  in  a  helium 
atmosphere  with  a  water  cooled,  carbon  coated  cylinder  near  the  outer  surface  to 
get  increased  conduction  through  the  helium.  The  specimen  temperature  was 
lowered  100°,  75°  and  150°C,  respectively,  for  Techniques  1,  2  and  3  listed  above. 
However,  a  greater  temperature  reduction  was  considered  necessary  to  prevent 
stress  relief  due  to  plastic  flow. 
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c .  2,0  Inch  Outside  Diameter  Diboride  Sample 

The  most  convenient  way  to  lower  the  specimen  temperature 
is  to  use  a  geometry  that  gives  a  lower  shape  factor.  Since  lowering  the  shape 
lactor  lowers  the  heat  j.1ux  required  to  create  a  critical  stress,  the  specimen  temp¬ 
erature  is  lowered.  Therefore,  a  group  of  samples  2  inches  outside  diameter,  l 
inch  in«ir|e  And  1  inch  high  was  evaluated.  Since  the  shape  factor  for  this 

size  sample  is  20,  the  heat  flux  required  to  create  a  critical  stress  is  33  per  cent 
lower  than  for  the  first  group  of  samples  which  had  a  shape  factor  of  26.  Material  1, 
I03A  D0539  was  evaluated  in  a  helium  atmosphere  up  to  an  R2  value  of  15.0  cal/cm 
sec  using  the  standard  test  procedure  as  described  above.  This  R2  value  is  about 
twice  the  value  calculated  from  thermoelastic  theory,  but  no  failure  occurred.  The 
sample  must  have  experienced  considerable  plastic  strain.  However,  the  sample 
did  fail  while  cooling  after  completion  of  the  test.  Since  the  sample  experiences  a 
much  lower  temperature  gradient  during  cooling  than  during  evaluation,  failure 
probably  did  not  occur  as  a  result  of  thermal  stress  caused  by  a  temperature  gradient. 
Rather,  failure  must  have  occurred  as  a  result  of  a  stress  reversal  on  cooling 
caused  by  plastic  strain  which  occurred  during  the  evaluation  followed  by  elastic 
behavior  on  cooling.  Such  behavior  would  create  a  residual  tensile  stress  at  the  inner 
wall  and  apparently  this  stress  exceeded  the  fracture  stress  of  the  material.  Since 
the  outer  wall  temperature  at  the  heat  flux  required  to  obtain  the  calculated  R2 
value  was  approximately  1330°C  and  that  of  the  inner  wall  approximately  1500°C; 
significant  plastic  strain  must  have  occurred  at  temperatures  of  1500°C  and  below. 
Figure  122  shows  the  sample  after  failure.  As  in  the  case  of  KT-SiC  the  pieces  of 
the  fractured  specimen  were  displaced  as  a  result  of  catastrophic  failure. 

In  order  to  determine  whether  the  creep  rate  was  in  a  range 
where,  because  of  strain  rate  sensitivity,  failure  could  be  induced  by  more  rapid 
heating,  sample  I03A  DQ548K  <2.0  inch  o.d. )  was  heated  at  a  faster  rate.  In  this 
evaluation,  the  specimen  was  exposed  to  the  heat  flux  necessary  to  obtain  a  material 
actor  of  7.  18  cal/cm  sec  (i.e.  ,  143  cal/cm  sec)  instantaneously.  Under  this  heating 
rate,  failure  occurred  in  just  over  3-  1/2  minutes  at  an  outer  wall  temperature  of 
approximately  1315  C  which  is  approximately  the  equilibrium  temperature  for  the 
heat  flux  employed.  Figure  123  shows  the  sample  after  thermal  stress  failure. 

Failure  was  catastrophic  as  in  the  case  of  the  KT-SiC  sample.  Although  this  sample 
was  heated  under  transient  conditions,  he  temperature  gradient  established  was 
nearly  the  same  as  the  one  established  in  steady  state  heat  flow,  because  of  the  high 
thermal  conductivity  of  the  sample.  The  fact  that  failure  occurred  on  rapid  heating 
is  a  further  indication  that  significant  stress  relief  due  to  plastic  strain  can  occur 
at  temperatures  as  low  as  1400°-1500°C  under  the  heating  (strain)  rates  normally 
used  in  the  steady  state  test.  Since  sample  103A  D0548K  <2  inch  outside  diameter) 
failed  when  rapidly  heated  with  the  approximate  heat  flux  calculated  to  cause  failure 
under  steady  state  conditions,  the  creep  rate  of  this  sample  was  considered  insig¬ 
nificant  for  the  resulting  heating  (strain)  rate.  A  slight  modification  of  this  technique 
was  employed  in  an  effort  to  obtain  some  quantitative  data.  The  modified  technique 
involved  slowly  increasing  the  heat  flux  until  a  material  factor  of  Out  half  that  cal¬ 
culated  to  cause  failure  was  attained  and  then  allowing  equilibrium  to  be  established. 
The  heat  flux  was  then  increased  in  one  increment  to  that  required  to  give  a  material 
factor  around  three  quarters  of  that  calculated  to  cause  failure.  After  establishing 
equilibrium,  the  heat  flux  was  again  reduced  to  the  one  half  level  and  allowed  to 


57 


equilibrate.  In  the  absence  of  ola«tir  strain.  ranAatinn  this  procedure  it  cue 
cessively  higher  heat  fluxes  (material  factors}  would  serve  to  bracket  the 
material  factor. 


In  order  to  evaluate  this  technique,  a  2.0  inch  o.d.  speci¬ 
men  of  Material  V,  V07  D0571K  was  tested  in  a  helium  atmosphere.  The  time 
allowed  for  equilibrium  to  be  established  was  2  minutes  for  the  heating  cycle  and 
2- l/2  to  3  minutes  for  the  cooling  cycle.  The  material  factors  evaluated  and  the 
corresponding  temperatures  are  shown  in  Table  66.  The  heat  flux  was  reduced  to 
give  a  material  factor  of  3.5  cal/cm  sec  between  each  of  the  levels  shown.  Failure 
did  not  occur  during  the  test  nor  did  failure  occur  on  cooling  as  a  result  of  residual 
stress  caused  by  plastic  flow  during  the  test.  The  fact  that  failure  did  not  occur 
on  heating  indicates  that  significant  plastic  strain  took  place  during  the  test  and 
these  conditions  cannot  be  used  for  quantitative  evaluation. 

d.  Triangular  Samples 

In  order  to  further  lower  the  testing  temperature,  equilateral 
triangular  specimens  with  an  outer  boundary  2.  5  inches  on  a  side,  1 . 0  inch  diameter 
circular  inner  boundary  and  1.0  inch  high  were  evaluated.  This  geometry  reduces 
the  shape  factor  to  15  which  lowers  the  required  heat  flux  25  per  cent  of  that  for  the 
above  2.0  inch  outer  diameter  samples. 

Material  V07  D0582K  was  evaluated  in  vacuum  under  steady 
state  conditions.  Incremental  heat  flux  increases  were  made  every  two  minutes 
which  represented  a  change  of  approximately  0. 50  cal/cm  sec  in  the  material  factor 
(R2)  UP  to  9.5  cal/cm  sec;  this  value  is  approximately  125  per  cent  of  the  material 
factor  where  failure  would  be  expected  based  on  available  property  data  and  elastic 
theory.  The  heat  flux  was  then  increased  in  one  increment  to  change  the  material 
factor  from  9.  5  to  11.1  cal/cm  sec  and,  after  5  minutes,  from  11.  1  to  12.  8  cal/cm 
sec.  No  failure  occurred  during  this  test,  probably  because  of  plastic  strain.  The 
sample  temperatures  at  the  outer  boundary  and  at  the  center  of  the  triangular  sides 
were  1240°,  1330°,  1365°  and  1475°C  for  material  factors  of  7.75,  9.5,  11.  I  and 
12.8  cal/cm  sec,  respectively.  Since  failure  should  occur  at  a  material  factor  of 
approximately  7.75  cal/cm  sec,  significant  stress  relief  due  to  creep  must  have 
occurred  when  the  outer  wall  temperature  was  as  low  as  1240°C  during  the  time  the 
material  was  under  stress  in  the  experimental  run.  However,  this  temperature 
represents  a  considerable  reduction  from  the  outer  wall  temperatures  of  1650°  and 
1325°C  required  to  attain  the  same  material  factor  for  the  1.7  inch  O.D.  and  2.0 
O.O.  samples,  respectively. 

In  order  to  further  lower  the  testing  temperature,  Material 
V07  O0586K  was  evaluated  under  steady  state  conditions  in  a  helium  atmosphere. 

In  this  evaluation,  the  same  procedure  was  used  as  for  sample  V07  D0582K  except 
that  the  incremental  increases  in  the  heat  flux  were  such  that  the  change  in  the 
material  factor  was  only  0,25  cal/cm  sec.  In  this  test,  the  sample  temperatures 
were  1175°,  1235°,  1320°,  1385°C  at  material  factors  of  7 . 75,  9.5,  11.  I  and  12.8, 
respectively.  No  failure  occurred,  probably  as  a  result  of  plastic  strain.  At  a 
material  factor  of  7.75  which  is  near  the  value  where  failure  would  be  predicted 
based  on  elastic  theory,  the  inner  wall  temperature  was  approximately  1275°C. 
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Material  1105  D595K  was  also  evaluated  under  steady 
state  conditions  in  a  helium  atmosphere.  In  this  evaluation,  the  same  procedure 
was  used  as  for  sample  V07  D0586K  except  that  the  incremental  heat  flux  increases 
were  made  every  minute.  One  other  difference  in  this  experiment  was  the  use  of 
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graphite  has  somewhat  different  heat  transfer  characteristics,  this  difference  is 
probably  significant.  This  sample  failed  when  the  material  factor  was  increased 
from  11.  I  to  12.8  cal/cm  sec  after  a  2  minute  hold  at  11.  I  cal/cm  sec.  Figure  124 
shows  this  sample  after  catastrophic  thermal  stress  failure  and  before  removal 
from  the  test  apparatus.  Note  the  relative  displacement  of  the  pieces  of  the  sample. 
The  fractured  specimen  is  shown  in  Figure  125.  Since  this  failure  occurred  at 
about  1. 5  times  the  heat  flux  where  failure  would  be  expected  based  on  available 
property  data  and  elastic  theory,  significant  plastic  strain  probably  took  place 
before  failure.  However,  the  creep  rate  was  too  slow  to  prevent  the  build  up  of  a 
critical  fracture  stress  for  the  heating  (strain)  rate  employed. 

5.  Conclusions  and  Future  Plans 

Analysis  of  KT-SiC  confirmed  that  steady  state  thermal  stress 
failure  occurs  at  a  material  factor  near  that  calculated  from  property  data  providing 
the  material  behaves  elastically  while  under  test.  However,  preliminary  evalua¬ 
tions  of  several  diboride  materials  having  several  different  shape  factors  revealed 
that  significant  plastic  strain  occurred  at  temperatures  as  low  as  1275°C  for  heating 
(strain)  rates  normally  used  in  the  steady  state  technique,  which  prevented  fracture 
due  to  thermal  stress.  This  ability  to  relieve  thermal  stress  by  plastic  rather  than 
elastic  strain  is  quite  significant  for  these  materials,  as  evidenced  by  the  fact  that 
some  samples  have  withstood  twice  the  heat  flux  calculated  to  cause  failure  in 
steady  state  (slow  heating  rate)  evaluations. 

In  order  to  obtain  thermal  stress  failure,  lower  sample  tempera¬ 
tures  or  faster  heating  rates  will  be  required  to  cause  fracture  of  simple  shapes  of 
the  materials  to  be  evaluated.  Of  these  alternatives,  lower  temperature  tests 
where  plastic  strain  is  negligible  for  the  times  involved  in  making  a  run  under  essen¬ 
tially  steady  state  conditions  is  more  desirable  for  making  quantitative  evaluations 
of  thermal  stresB  resistance.  The  technique  to  be  used  for  making  lower  tempera¬ 
ture  evaluations  is  as  follows.  A  thin  walled,  tight  fitting,  rubber  tube  will  be  placed 
around  the  sample  and  guard  rings.  The  rubber  tube  will  be  connected  to  a  con¬ 
centric  brass  cylinder  and  water  will  be  passed  between  the  brass  and  rubber  cylinders 
to  remove  the  heat  conducted  through  the  sample  and  guard  rings.  By  this  technique, 
outer  wall  temperatures  below  2Q0°C  could  be  attained  for  the  steady  state  heat  lux 
required  to  cause  failure  due  to  thermal  stress.  Thus,  the  probability  of  brittle 
failure  would  l»e  maximized.  Aside  from  a  minor  change  in  the  attachment  of  the 
voltage  leads,  the  only  experimental  difficulty  will  be  in  detecting  fracture,  which 
should  be  detectable  with  an  audio  pick  up  placed  on  the  guard  ring  below  the  water 
cooling  jacket. 
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Figure  1.  Second  Phase  Siase  and  Distribution  in  Hot  Pressed  Material 
I.  Billet  103A  D0308. 


60 


10  2A  and  V02A, 


7'  •  1  f  '*•  •  ■  i!4  ^  • 


. mgs-*. ,,, 

■r  ••:::•'•  sir 


As -polished 


A\co  Plate  No 
4235E 


‘'.’..’jiwSijM 


1000X 


Figure  6.  Morphology  of  Remaining  Impurity  Phases  in  Material  V02A 

Demonstrating  the  Contact  Angles  Relative  to  the  Other  Phases, 
Billet  V02A  D0370 
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Figure  7.  Morphology  of  Remaining  Impurity  Phases  in  Material  V03A. 
Billet  VO 3 A  D0473. 
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Figure  Variation  of  Impurity  Phase  with  SiC  Additions  in  Mateiial  V. 
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9.  Distribution  of  Phases  in  Special  Material  Hot  Pressed  with 
Starting  Powders  of  ZrOj  and  SiC.  Billet  D0624. 
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Figure  10.  Distribution  of  Phases  in  Special  hiaterial  Hot  Pressed  With 
Starting  Powders  of  ZrB2»  ZrO^  and  SiC. Billet  D06Z6. 
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Figure  11.  Microntruetmre  of  Material  VTTT 
Billet  VmOZA  D0592. 


Containing  Poco  Graphite 


Avco  Plate  No 
4584Y 


Aa-poii*hed  500x 

Figure  12.  Microetructure  of  Material  VIII  CotUaiuiair  Re«ml 
Billet  VU«17)U5)0?  D0620.  g  R6gal 
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Figure  13.  Mic restructure  of  Material  X  Hot  Pressed  at  1900°C. 
Billet  X07  D0596. 
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Figure  14.  Microsfructure  of  Material  X  Hot  Pressed  at  1800°C. 
Billet  X07  D0597. 
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Figure  15.  Microstructure  of  Material  XII  Containing  Regal  Carbon. 
Billet  XII(20)07  D0608. 
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Figure  16.  Microstructure  of  Material  XU  Containing  Poco  Graphite, 
Billet  XII(15)07  B0603. 
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Figure  17.  Micro  structure  of  Material  II.  Billet  U03  D0316 


Figure  19.  Micro  structure  o£  Material  IV.  Billet  IV05  D0405. 
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Figure  25.  Density  and  Sonic  Velocity  Variations  in  Billet  V07  D0578. 
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Figure  27.  Material  I  Plasma  Sprayed  on  Stainless  Steel. 
Billet  102 A  P0162F. 
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Figure  30.  Photomicrographs  of  Material  107  D0589,  As  Polished,  500X 
(a)  Original  Structure ’•Area  1,  (b)  Original  Structure -Area  2, 
(c)  Annealed  at  Z200°C  (Optical}  lor  15  Minutes. 
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Figure  31.  Photomicrographs  of  Material  107  D0589,  Etched,  150X:  (a}  After 
Anneal  No,  12,  (b)  After  Anneal  No.  14,  Area  1,  (c)  After  Anneal 
No.  14,  Area  2  and  (d)  After  Anneal  No.  14,  Area  3. 
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Figure  37.  Bend  Strength  of  Material  V  As  A  Function  of  Test  Temperature. 
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Figure  38  >B*nd  Strength  of  Material  II  as  a.  Function  of  Test  Temperature. 
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Figure  39.  Bend  Strength  of  Materiel  IIIQ5  As  A  Function  of  Test  Temperature. 
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Figure  41.  Bend  Strength  at  18Q0°C  of  ZrE^-SiC  and  Hff^-SiC  Composites 
As  Functions  of  SiC  Content. 
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Figure  42.  Talysurf  Surface  Contour  Tracers  for  (a)  220  Grit  Finish, 
(b)  400  Grit  Finish,  (c)  500  Grit  Finish  and  (d)  0.25  Microt 
Finish  on  Billet  V07  D0576. 


Figure  43 


Electron  Micrograph  of  Surface  Structure 
from  200  Grit  Finish  on  V07  D0576.  Note 
Possible  Surface  Cracks. 
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Figure  44.  Electron  Micrograph  of  Surface  Structure 
from  400  Grit  Finish  on  V007  D0576. 
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Figure  45.  Electron  Micrograph  of  Surface  Structure 
for  0.25  Micron  Diamond  on  V07  DO 57 6. 
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Figure  47 .  Eff  let  of  Porosity  on  Room  Temperature  Elastic  Modulus 
for  Various  Diborides. 
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Electron  Fractograpb  of  Material  V  Tested 
at  23°C  with  Bend  Strengths  of  50,500  psi. 
Billet  V02A  D0371. 
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Figure  49.  Electron  Fractograph  of  Material  V  Tested 
at  800°C  with  Bend  Strength  of  52,700  psi. 
Billet  V02A  DO  371. 
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Figure  50.  Electron  Fractograph  of  Material  V  Tested 
at  1400  C  with  Bend  Strength  o,  43,000  pai. 
Billet  V02AD0371.  P 
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Figure  51,  Electron  Fractograph  of  Material  V  Teatad 
at  1800°C  with  Bent  Strength  of  44.900  ,£?. 
Billet  V02AD0371.  P 
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Figure  55.  Air  Flow  Rate  Dependence  for  Material  I  (1800°Cf  15  Minutes  and 
Material  III  (?.  120°C,  60  Minutes). 
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Figure  56.  Oxidation  Screening:  Material  1  (ZrB2). 
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Figure  57,  Oxidation  Comparison:  Commercially  Hot  Pressed  ZrB, 
vs.  Material  I  (ZrB2).  & 
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Figure  58.  Oxidation  Screening:  Material  V  {ZrE>£-20  v/o  SiC) 
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Figure  66.  Oxidation  Screening,  Material  102A:  Macrophctographo. 
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Figure  67.  Oxidation  Screening,  Material  I03A:  Macrophotograph*. 
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Figure  68,  Oxidation  Screening,  Material  I05A:  Macrophotograph*. 
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Figure 69.  Oxidation  Screening,  Material  107 :  Macrophotographe. 
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Oxidation  Screening „  Material  10 2A:  Reticule 
Photographs  (1  div.  =  4.86  mile),  D0345,  1700°C. 
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Figure  74.  Oxidation  Screening,  Material  I03A:  Reticule 

Photographs  (1  div.  *  4.86  mils),  D0309,  1700°C. 
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Figure  75  •  Oxidation  Screening,  Material  1:  Representative 
Matrix  Photographs ,  1700°C,  500X. 
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Figure  76.  Oxidation  Screening;  Material  1:  Representative 
Matrix  Photograph*,  1850°C  (30  min.},  500X. 
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Figure  77. Oxidation  Comparison,  Carborundum  ZrB~:  Macrophotographs 
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Figure  79.  Oxidation  Comparison,  Carborundum  ZrB,:  Oxide-Matrix 
Interfaces,  250X,  i 
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Figure  80,  Oxidation  Compariaon,!  Norton  ZrB,:  Oxide- Matrix 
Interfaces,  250X, 
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Figure  31.  Oxidation  Screening ,  Material  V02A:  Macrophotographs, 
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Figure  90.  Oxidation  Screening,  Material  VH1:  Mac r ©photograph*, 
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Figure  91.  Oxidation  Screening „  Material  V1U:  Depleted  Matrix- Oxide 

Interfaces  (Left)  and  Matrix- Depleted  Matrix  Interface*  (Right), 
250X. 
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Figure  93.  Oxidation  Screening,  Material  XII:  Macrophotographe 
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Figure  94.  Oxidation  Screening,  Material  XII:  Matrix-Oxide  Interfaces,  250X 
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Figure  96.  Oxidation  Screening)  Material  XII:  Representative 
Matrix  Photographs,  50GX. 
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Figure  98.  Oxidation  Screening,  Material  110 5:  Macrophotog raphe. 
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Figure  99.  Oxidation  Screening,  Material  1105:  Oxide- Matrix  Interfaces,  25QX. 
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Figure  100.  Oxidation  Screening,  Material  1105:  Reticule  Photographs 
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Figure  102.  Oxidation  Screening,  Material  1106  :  0X327,  D0383 
1800°C. 


■  <vlj 


^Sli^S^^iSSi^pi 

.  ^  -x 

■^w?^;i^i'&:;:>  s  i 
::^v^  ;  ■-■.^■:  ,-.;■;  r 

-.’•<■  .:V° X\? •  '&:?  >  ’V- -. •  '*  "* .v  m-  •  }'V:  •  -  ■■.••'•  ’• ,:;  ,/v-,;  * 

"'•■  ■'  ,  ; v'V*.'  -*W  .  =•■■■ ::> 

•  ‘■iiv  ;  v,Tt‘Y;'rV,'?“'" ’"'•- •  ■  '■'  'V,  •'•'■  ■':■■:'■  'j1 


iv.i  ',■■•■  ..,■ 


0X345 


Transverse 


Figure  1 06 .  Oxidation  Screening,  Material  111:  Reticule  Photographs 
(1  div.  *  4.86  mils),  D0408,  1980°C. 
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Figure  108.  Oxidation  Screening,  Material  IV:  Macrophotographs 
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Figure  ill.  Oxidation  Screening,  Mat«rialIV:  D0410,  0X383,  1960°C. 


-li 


ft: 


162 


'fin 


.  •/.  •  •:  •  ••  -V  : '  " 

...  r- .  ■ .  •  •■,:■•■■..  .  '  •  :  ■  .  •  ;  ••  -;■  • 

•*.  .«  ,4.  V-  ;•>••;..  ••;,  v 

1  •  .,  •  • :  “*»  '*"  >  '■(  -•  ■ ;  .*■:  -  •  . 

. .  :  ••  •  .%  • 

,  i  .  ■  .W.*  ■  •. 

•  ,  •  .  • 

|  •  r  .  •  y^*  V  ; 1  .  /  .  V,/,. •/ 

•  Vv.*'  , 

v/-  -  ’  ' :.  1 

t 


lalo  *  ■  f ;; 


i  _7>^  v; . ^ 

1-4294  DO 46 2 

0X434-  1760°C 


.n.  m  \.  •  >  >•  ^v.-  ;  . 

;  •  T',‘:  ’•  <f-,— V  #  V  V  *  ■  v  j 


<•;>*  /';i 

«&  ,-.  I-  *- 

,**■*•»  Y*** v 

t  r  ,r.’V-  *V, ' '. .V-.  :•  i  :  •>’ ;V /<£?■  *. 

T  • :  'V- ,  >**■•  .:..  fv  ;■■■:•■ 


1-4224 


0X422-  1875° C  (150X) 


1-24% 


D0462 


0X376-  1960°  C 

Figure  113.  Oxidation  .Screening,  Material  VI:  Oxide- Matrix  Interfaces. 
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Figure  1 17.  Oxidation  Screening:  Material  V  (ZrB2  +  SiC)  -  Effect  o£ 
Content. 
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Figure  125.  Material  II  (1105  D0595K)  Thermal  Stress  Specimen 
after  Failure. 
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TABLE  1 

ORGANIZATIONAL  RESPONSIBILITIES  BREAKDOWN 


Technical  Management 

Materials  Procurement 
Materials  Characterization 

Fabrication: 

Hot  Pressing 

Characterization 

Exploratory 

Characterization 
Pyrolytic  Depositions 
Characterization 

Thermal  and  Oxidation  Evaluations 

Mechanical  Properties 

Thermal  Expansion 

Thermal  Diffusivity 

Emittance 

Steady  State  Thermal  Stress  Resistance 
Simulated  Leading  Edge  Evaluatio. 

Arc  Plasma  Evaluations 
Nondestructive  Testing 


ManLabs 

ManLabs 

ManLabs 

Avco/ SSD 
Avco/  SSD 
Avco/ SSD 
Avco/ SSD 

Raytheon  Research  Division 
ManLabs 

ManLabs 

Avco/ SSD 

ManLabs 

North  American/Atomics  International 
Avco/ SSD 

Battelle  Memorial  Institute 
Bell  Aerosystems 
ManLabs  -  AF33(61 5)-3859 
Avco/SSD  -  AF33(615)«394Z 
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DIBORXDE  MATERIAL  IDENTIFICATION:  PHASE  CONSTITUTION 


AND  BASE  COMPOSITION 


Material 

Diboride 

Designation 

Remarks  and  Rationale  for  Specific  Additives 

I 

ZrB2 

Zirconium  diboride,  no  additive. 

n 

HfB2 

Hafnium  diboride,  no  additive. 

in 

H£B2  +  SiC 

Hafnium  diboride  with  twenty  volume  per  cent 
silicon  carbide  to  enhance  oxidation  resistance. 

IV 

H£B2  +  SiC 

Hafnium  diboride  with  thirty  volume  per  cent 
silicon  carbide  to  enhance  oxidation  resistance. 

V 

ZrB2  +  SiC 

Zirconium  diboride  with  twenty  volume  per  cent 
silicon  carbide  to  enhance  oxidation  resistance. 

VI 

H£B2  4-  Hf-Ta 

Hafnium  diboride  with  four  volume  per  cent  hafnium 
tantalum  alloy  to  provide  an  oxidation  resistant 
metallic  binder  phase  and  enhance  strength  proper¬ 
ties. 

VII 

H£B2  +  SiC 

Boron  rich  hafnium  diboride  with  silicon  carbide 
additive  to  enhance  oxidation  resistance- 

VIH 

ZrB2  +  SiC  +  C 

zirconium  diboride  with  fourteen  volume  per  cent 
silicon  carbide,  thirty  volume  per  cent  carbon  to 
enhance  thermal  stress  resistance  and  maintain 
improved  oxidation  resistance  relative  to  ZrB2. 

DC 

H£B2  +  HfSi 

Hafnium  diboride  with  twenty  volume  per  cent 
hafnium  silicide  to  enhance  oxidation  resistance. 

X 

ZrB2  +  SiB6 

Zirconium  diboride  with  twenty  volume  per  cent 
silicon  hexaboride  to  enhance  oxidation  resistance. 

XI 

ZrB2  +  Cr 

Zirconium  diboride  with  eight  volume  per  cent 
chromium  to  enhance  mechanical  strength  properties 

XII 

ZrB2  +  C 

Zirconium  diboride  with  fifty  volume  per  cent  carbon 
to  enhance  thermal  stress  resistance. 

XIH 

ZrB2  +  W 

Zirconium  diboride  with  tungsten  to  enhance 
mechanical  properties. 

TABLE  3 


TENTATIVE  POWDER  SPECIFICATION  FOR  HOT  PRESSING 
GRADES  OF  ZrB2  AND  HfB2 


Limitations  of  present  powder  production  technology  for  ZrD,  and  HfB~, 
and  cost  considerations  in  quantities  of  the  order  of  100  pounds  fortiot  pressing 
purposes  will  of  necessity  contain  oxygen  and  carbon  impurities.  Materials 
found  most  suitable  for  hot  pressing  without  additives  or  with  carbon  or  SiC 
additive  are  characterized  by  over-all  composition  such  that  oxygen  and  carbon 
impurities  are  present  as  metal  oxide,  metal  carbide  or  a  mixed  metal  oxy- 
carbide. 

Limitations  imposed  by  present  powder  production  technology  of  ZrB_  and 
HfB2  for  hot  pressing  purposes  in  quantities  of  the  order  of  100  pounds  lead  to 
the  presence  of  0.5  to  1.5  per  cent  nonmetallic  impurities  principally  oxygen 
and  carbon.  The  over-all  chemical  composition  has  to  be  specified  to  insure  that 
these  impurities  are  present  as  metal  oxide,  metal  carbide  or  as  metal  oxy- 
carbide.  The  thermodynamic  stability  of  zirconium  and  hafnium  oxides  overrides 
compositional  effects,  but  over-all  metal  rich  compositions  have  to  be  specified 
to  avoid  the  stabilization  of  carbon  as  B^C.  The  presence  of  the  latter  lowers  the 
temperature  required  for  liquid  phase  formation  relative  to  that  observed  for  the 
oxide  impurity  phases.  All  metallic  impurities  have  to  be  kept  below  0.  1  per 
cent  to  maintain  basic  properties  of  ZrB2  and  HfB2.  Of  the  metallic  impurities, 
iron  and  titanium  are  more  commonly  encountered  and  both  should  be  kept  below 
the  0.  1  per  cent  level.  Powder  particle  size  should  be  specified  as  -325  mesh 
or  finer;  fluid  energy  milling  can  be  further  specified  or  performed  after  delivery 
of  powder  to  break  up  particulate  aggregates.  Chemistry  specification  are  as 
follows: 


ZrB2 

HfB2 

Weight  Per  Cent 

Weight  Per  Cent 

Hf 

1.0-  3.0 

88.0  -  89.5  {Hf+Zr) 

Zr 

79.  5  -  80.5  (Hf+Zr) 

1.0  -  3.0 

B 

18. 0  -  19.0 

10.0  -  10.5 

C 

<0.  50 

<0.50 

O 

<0.  50 

<0.50 

Ti 

<0.  10 

<0.  to 

Fe 

<0.05 

<0.05 

Other  Metals 

<0.  10 

<0.  10 

N 

<0.05 

<0.05 

H 

<0.05 

<0.05 

Atomic  Ratio:  B/Hf+Zr 

<2.0 

<2.0 
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DIBORIDE  POWDER  PROCUREMENT  SCHEDULE 


Purchase  Schedule 


4 

Material 

Supplier 

Quantity 

pounds 

Ordered 

Received 

102 

U.  S.  Borax 

L 

3/16/66 

3/28/66 

10  2A 

U.  S»  Borax 

93 

4/1 1/66 

4/14/66 

103 

U.  5.  Borax 

1 

4/1  i/66 

4/13/66 

10  3  A 

U.  S.  Borax 

100 

6/24/66 

7/14/66 

105 

Shieldalloy 

5 

6/24/66 

10/03/66 

I05A  (Reprocessed) 

Shieldalloy 

95 

3/01/67 

4/13/67 

107 

U.  S.  Borax 

400 

2/27/67 

4/11/67 

U05 

Wah  Chang 

20 

3/18/66 

7/20/66 

II05A 

Wah  Chang 

80 

3/18/66 

9/20/66 

1106 

Shieldalloy 

5 

5/13/66 

8/29/66 

1106A  (Reprocessed) 

Shieldalloy 

45 

1/01/67 

10/01/67  (anticip) 

U09 

Wah  Chang 

300  (100) 

3/15/67 

10/01/67  (anticip) 

U10 

Carborundum 

100 

9/1 1/67 

10/Ol/67  (anticip) 

The  roman  numerals  I  and  II  identify  the  material  as  zirconium  diboride  and 
hafnium  diboride,  respectively;  the  designations  02  and  02A  refer  to  different 
shipments  of  the  same  powder  lot  except  where  reprocessing  is  indicated. 

#4> 

Original  order  of  300  pounds  changed  to  100  pounds. 


TABLE  5 


x  LjtuiA  iiuJN  UP  iCiRCONlUM  DIBORIDE  POWDER,  102 

Supplier:  U.  S.  Borax  Research  Corporation 

Quantity:  102  (1  pound  sample)  -  I02A  (94  pound  lot) 

4.  X-ray  Phase  Identification 
ZrB2 

Zr02  (impurity) 

ZrC  (impurity) 

5.  Powder  Density 
6.03  g/cc 

6.  Particl:  Size  Distribution 

Range  (|x)  w/o 

0-5  4.0 

5-10  23.4 

10-20  64.5 

20-40  7.6 

>40  0.5 


7.  Phase  Assay  (volume  per  cent)  ZrB2  ZrO.,  ZrC 

Calculated  from  Composition  93.6  4.4  2.0 


Atomic  ratio  corrected  for  metal  assumed  to  be  present  as  metal  dioxide  and 
metal  monocarbide. 


1.  Qualitative  Analysis 

(weight  per  cent,  w/o) 

Ti,  Cr,  Fe  0.1-  1.0 
V  0.01  -  0. 1 


2.  Quantitative  Analysis  (w/o) 

79.6 
18.3 
0.38 
1, 05 
0.02 
0.  10 
0.08 


Total 

99.53 

3. 

Atomic  Ratio 

Over-all 

S/Zr  = 

1.94 

Corrected 

B/Zr*  = 

2.07 

Zr 

B 

C 

o(AA) 

Ti 

Cr 

Fe 
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TABLE  6 


CHARACTERIZATION  OF  ZIRCONIUM  DIBORIDE  POWDER,  103 


Supplier:  U.  S.  Borax  Research  Corporation 

Quantity:  103  (1  pound  sample)  -  I03A  (100  pound  lot) 


1.  Qualitative  Analysis 

(weight  per  cent,  w/o) 

Ca,  Fe  0.01  -  0. 1 


4.  X-ray  Phase  Identification 
ZrB2 

ZrOz  (impurity) 


2. 


3. 


Quantitative  Analysis  (w/o) 


5.  Powder  Density 


Zr  79.8 

B  17.7 

C  0.03 

O  (AA)  1.  49 


6.04  g/cc 


6.  Particle  Size  Distribution 


Total  99.02 


Atomic  Ratio 

Over-all  B/Zr  a  1.87 

Corrected  B/Zr  =  1.98 


7.  Phase  Assay  (volume  per  cent) 
Calculated  from  Composition 


Range  ()4 

w/o 

0-5 

7.5 

5-10 

37.9 

10-20 

48.9 

20-40 

5.5 

>40 

0.2 

ZrB2 

Zr02 

93.  *  6.3  0.2 


Atomic  ratio  corrected  fo.  etal  assumed  to  be  present  as  metal  dioxide 
and  metal  monocarbide. 
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ni  a  tit  ip  n 

CHARACTERIZATION  OF  ZIRCONIUM  DIBORIDE  POWDER,  107 


Supplier:  U.  S.  Borax  Reserrch  Corporation 

Quantity:  400  pounds^ 


Qualitative  Analysis 
(weight  per  cent,  \v/o) 

Fe,  Ca,  Ti  0.01  -  0.  1 


Quantitative  Analysis  (w/o) 


A 

B 

C 

Zr 

78.5 

78.6 

78.4 

B 

19.  1 

18.4 

18.2 

C 

0.22 

0.31 

0.25 

O(AA) 

1.30 

1.31 

1.31 

O(VF) 

- 

(  1.15) 

- 

Total 

99. 12 

98.62 

98. 16 

4.  X-ray  Phase  Identification 
ZrB2 

ZrOg  (impurity) 

5.  Powder  Density 

A ve.  5.96  g/cc 

78.5 

18.6 
0.26 
1.31 


98.67 


3. 


Atomic  Ratio  6, 

Particle  Size  Distribution 

Over-all 

B/Zrv  =  1.99 

Range  (p) 

w/o 

Corrected 

B/Zr  =  2.  14 

0-5 

7.9 

5-10 

33.8 

10-20 

52.  1 

20-40 

5.0 

>40 

1.2 

7. 

Phase  Assay  (volume  per  cent) 

ZrB2 

ZrOg  ZrC 

Calculated  from  Composition 

93.2 

5.4  1.4 

1  The  four  hundred  pound  lot  was  blended  then  shipped  in  three  separated 
containers  designated  A,  B  and  C. 

♦  Atomic  ratio  corrected  for  metal  assumed  to  be  present  as  metal  dioxide 
and  metal  monocarbide. 
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TABLE  8 


CHARACTERIZATION  OF  ZiKUtHNAUM  iJltjOAIijE  PGvv  Dr.n.,  I05A 


Supplier:  Shieldalloy  Corporation  (H.  C.  Starck  Berlin) 

Quantity:  100  pounds  * 


1.  Qualitative  Analysis  4.  X-ray  Phase  Identification 

(weight  per  cent,  w/o)  ZrB 

Ti,  Fe,  Co  0.01  -  0.  1  2 


2.  Quantitative 

Analysis 

(w/o) 

Zr 

79.3 

B 

18.65 

C 

0.02 

Q(AA) 

0.42 

Total 

98.39 

3.  Atomic  Ratio 

Over -all 

B/Zr. 

-  1.97 

Corrected 

B/Zr* 

=  2.02 

5.  Powder  Density 
5.9?  g/cc 

6.  Particle  Size  Distribution 


Range  (p) 

w/o 

0-5 

7.7 

5-10 

26.6 

10-20 

44.7 

20-40 

17.8 

>40 

1.1 

7.  Phase  Assay  (volume  per  cent)  ZrB2 
Calculated  from  Composition  98. 1 


ZrOz  ZrC 
1.8  0.1 


1  The  original  five  pound  sample  designated  105  was  found  unsatisfactory  for 
this  program  as  it  contained  significant  amounts  of  Zr02  and  ZrC.  The 
105A  was  obtained  by  reprocessing  the  105. 

*  Atomic  ratio  corrected  for  metal  assumed  to  be  present  as  metal  dioxide 
and  metal  monocarbide. 
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TABLE  9 


CHARACTKWIZATIOW  fir  HAFNIUM  DIEOPJDE 


n/Ntir 

4  v  i»  jj’uu t 


I1GD  AND  DO 5 A 


Supplier:  Wah  Chang  Corporation 

Quantity:  1105  (20  pound  sample)  -  II05A  (80  pound  lot) 


1.  Qualitative  Analysis 

(weight  per  cent,  w/o) 


Zr 

1  - 

10 

Si 

0.1  - 

1.0 

A  l 

0.01  - 

0.  1 

4.  X-ray  Phase  Identification 
HfB2 

HfC  (impurity) 


2. 


3. 


Quantitative  Analysis  (w/o) 
UO  5  H05A 


Hf+Zr 

Zr 

B 

C 

O 

Total 


89.7 
1.  15 
10,4 
0.21 
0.07 

100.38 


89.4 

10.5 
0.  12 
0.  11 

100. 13 


5. 


6. 


Atomic  Ratio 

Over-all  B/Hf^  =  1.96 

Corrected  B/Hf  =  2.03 


7.  Phase  Assay  (volume  per  cent) 
Calculated  from  Composition 


Powder  Density 
10.69  g/cc 


Particle  Size  Distribution 


Range  (p) 

w/o 

0-5 

7.7 

5-10 

29.7 

10-20 

32.2 

20-40 

30.  1 

>40 

0.3 

HfB2 

HfOz 

HfC 

97.6 

1.8 

1.9 

♦  Atomic  ratio  corrected  for  metal  assumed  to  be  present  as  metal  dioxide 
and  metal  monocarbide. 
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TABLE  10 


*  rtrMrmti  rtr*  A  nm^nvA  t  rm  aottti  a  Ar'Mnr*  cr*T  Tr,r\TT  T 

fVA/i/AlA  I  U  IWh  Jk  MA\AT1>M  *  UW  V  J.VW4U4.U1  A  WVI***-4<  v  «•*<*»< 


Purchase  Schedule 


Material 

Supplier 

Quantity 

pounds 

Ordered 

Received 

Silicon  Carbide: 
Powder 

Fiber 

Carborundum 

Carborundum 

30 

1 

3/18/66 

3/27/67 

5/10/66 

3/31/67 

Silicides: 

BfcSi 

HfSi 

Cerac 

Wah  Chang 

1 

1 

3/9/67 

3/18/66 

3/14/67 

6/10/66 

Metals: 

Hf 

Hf-27Ta  (01)* 
Hf-27Ta  (02)* 

W  (Filament) 

Cr 

Wah  Chang  5 

Wah  Chang  0.9 

Wah  Chang  6 

General  Electric  1 

J.  Hardy  5 

3/18/66  4/  5/66 
5/16/66  5/20/66 
3/15/67  7/15/67 
4/13/67  5/  5/67 
MANIA  BS STOCK 

Graphites: 

Poco  (Powder) 
Thornel  25  (Fiber) 

AFML 

AFML 

5.0 

0.5 

2/17/67 
4/  /67 

*The  designations  of  (01),  (02)  refer  to  different  orders  of  a  given  material. 


TABLE  11 


omnAC  i  n/nl^A  iiuH  v_/r  SILICON  CArvBID.c.  ADDITIVES 

Silicon  Carbide  Powder,  SiC  (04) 

Qualitative  Spectroscopic  Analysis: 

Si,  >  10%;  Ti,  0.  1-  1%;  V,  0.01-0.  1%;  all  other 
metallic  impurities  less  than  0.01% 

Quantitative  Chemical  Analysis: 

Si,  69.8%;  C,  29.5% 

X-ray  Phase  Identification: 

SiC 

Silicon  Carbide  Fibers 

Qualitative  Spectroscopic  Analysis: 

Si  >  10%;  B,  0.  1-1.0%;  Mg,  Ca,  Fe,  0.01-0.1%; 
all  other  metallic  impurities  less  than  0.01% 

Suppliers  Specifications: 

0.5  -  3, On  -  Diameter 

100  -  750p,  -  Long 

Composition  Si  +  C  95% 


TABLE  12 


CHARACTERIZATION  OF  METALS  AND  ALLOYS 

Hafnium  Metal  Powder,  Hf(04) 

Qualitative  Spectroscopic  Analysis: 

Hf,  >  10%;  Zr,  0.  l-i%;  all  other  metallic  impurities  less  than  100  ppm. 

Qualitative  Spectroscopic  Analysis  (by  Supplier): 

Zr,  2.50%;  all  other  metallic  impurities  less  than  200  ppm. 

Quantitative  Chemical  Analysis  (by  Supplier): 

O,  790  ppm;  C,  <  30  ppm. 

X-ray  Phase  Identification: 

Hf 

Hafnium- Tantalum  Alloy  Powder,  Hf-27Ta(01) 

Qualitative  Spectroscopic  Analysis: 

Hf,  Ta,  >  10%;  Zr,  1-10%;  all  other  metallic  impurities  less  than  0.01%. 
Quantitative  Spectroscopic  Analysis  (by  Supplier): 

Zr,  1.9%;  W,  0. 11%;  Mo,  0,06%;  all  other  metallic  impurities  less  than 
125  ppm. 

Quantitative  Chemical  Analysis  (by  Supplier): 

Ta,  23.7%;  O,  0.  15%;  C,  50  ppm. 

X-ray  Phase  Identification: 

at  Hf,  0Ta  Consistent  with  phase  diagram  for  this  composition. 

Tungsten  Filament 

Qualitative  Spectroscopic  Analysis: 

Th,  B,  0.  1-1.0%;  all  other  metallic  impurities  less  than  0.01%. 
Dimensions : 

0.001  inch  diameter,  l/8  inch  +  1/64  inch  long. 


TASLZ  12 

CHARACTERIZATION  OF  SIUCIDE  ADDITIVES 

Hafnium  Silicide  Powder,  HfSi(Ol) 

Qualitative  Spectroscopic  Analysis: 

Hf,  Si,  >  10%;  Zr,  1-10%;  all  other  metallic  impurities  less  than  0,01%, 
Quantitative  Chrmica*  Analysis  (by  Supplier): 

Atomic  Ratio  Si/Hi  =  1 . 35 . 

X-ray  Phase  Identification: 

H2Si,  KfSi2 

Boron  Silicide  Powder,  B^Si(Ol) 

Qualitative  Spectroscopic  Analysis: 

B,  Si,  >  10%;  Mg,  0. 1-1.0%;  Ca,  Mn,  Fe,  Sn„  0,01-0.1%;  all  other 
metallic  impurities  less  than  0.01%. 

Quantitative  Chemical  Analysis: 

Si,  31.0 

Atomic  Ratio: 

B/Si  a  5.7  (calculated  for  68.0%  B  determined  by  difference). 

X-ray  Phase  Identification: 

SiB6 
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TABL  :  14 


CHARACTERIZATION  OF  GRAPHITE  AND  CARBON  ADDITIVES 

Poco  Graphite  Powder 

Qualitative  Spectroscopic  Analysis: 

B,  >  1%;  Cr,  Mu,  Fe,  Co,  Pb,  0.01-0.  1%;  all  other  metallic  impurities 
less  than  0.01%. 

Particle  Size: 

-400  mesh. 

Thornel  25  Graphite  Fibers 

Qualitative  Spectroscopic  Analysis: 

All  metallic  impurities  less  than  0.01%. 

Dimensions : 


Regal  330  Carbon  Powder 

Suppliers  (Cabot  Corp. )  Specification; 

Per  cent  G,  99:  p ex  cent  volatiles,  1;  physical  state,  amorphorous; 
particle  size,  200A, 


TABLE  15 


FABRICATION  CONDITIONS  AND  BILLET  CHARACTERISTICS  FOR 
RESULTING  DENSITIES  FOR  CUSTOM  PRESSINGS 
PERFORMED  BY  CARBORUNDUM 


xjiiiei 

Ident.  No.  Temp.  UC 

Press . 

Hold  Time 

Density 

Char  acte  ri  atic  s 

(optical) 

(pai) 

(min) 

(g/cc) 

Carborundum  Powder  Lot:  Carbo  166 

Triplicate  Pressing  No. 

J 

1A 

2150 

3000 

45 

5.81 

Crack  free 

IB 

5.79 

Crack  free 

1C 

Triplicate  Pressing  No. 

_2_ 

5.75 

Crack  free 

2A 

2000 

2000 

45 

5.70 

Crack  free 

2B 

5.60 

Circumferential 

cracks 

2C 

5.60 

Circumferential 

cracks 

ManLaba  Powder  Lot  I02A 

Single  Pressings 

3 

1900 

4000 

50 

4.78 

Crack  free 

4 

2160 

4000 

90 

6.01 

Crack  free 

7 

2160 

4000 

50 

6.04 

Crack  free 

Triplicate  Pressing  No. 

9 

9A 

2160 

4000 

50 

5.97 

l/2  inch  Radial 

edge  crack 

9B 

6.00 

Extensive  crack 

9C 

6.02 

ing 

l/2  inch  Radial 

edge  crack 

ManLabs  Powder  Lot  I03A 

5 

2000 

4000 

60 

5.  52 

Crack  free 

6 

1900 

4000 

100 

4.88 

Crack  free 

8 

2200 

4000 

50 

5.96 

Crack  free 

Triplicate  Pressing  No.  10 


10A 

2200 

4000 

50 

6.00 

Extensive  crack¬ 

ing 

10B 

6.03 

Extensive  crack¬ 

10C 

6.00 

ing 

l/2  inch  Radial 

edge  crack 
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TABLE  16 


POWDER  DENSITIES  AND  MAXIMUM  BILLET  DENSITIES 
FOR  MATERIALS  I  TG  XU 


Material 

Designation 

Air  Pycnometric  Powder 
Density  or  Calculated 

Density  (c) 

Maximum 
Density  Based  On 
A  Fabrication 

gm/cc 

gm/cc 

102A 

6.03  +  .02 

* 

I03A 

6.04 +  .01 

* 

704 

6.00  +  .02 

* 

105 

6.33  +  .02 

* 

106 

5.96  +  .02 

6.03 

107 

5.96  +  .02 

* 

HO  5 

10.69  +  .04 

# 

U06 

11.  15  +  .04 

11.  17 

H07 

10.25  +  . 

** 

noe 

9.57  +  .03 

10.21 

mos 

9.20  (c) 

9.50 

IV05 

8.45  (c) 

8.62 

V02A 

5.47  (c) 

5.54 

V03A 

5.47  {cj 

* 

V07 

5.42  (c) 

5.56 

VI 05 

10.89  +  .02 

10.97 

VHIQ2A  Regal 

4.  37  (c) 

4.50 

V1HQ7  Regal 

4.33  (c) 

4.66 

VUI07  Poco 

4.44  (c) 

* 

X07 

5.24  (c) 

5.53 

X1IC2 

4.  11  (c) 

* 

Xtt07  Poco 

4.32  (c) 

* 

XI107  Regal 

3.88  (e) 

* 

4> 

All  hot  pressed  billets  were  equal  to  or  less  than  powder  density. 
Powder  reacted  with  die. 
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TABLE  17 


MATERIAL  I  1  OT  PRESSING  CONDITIONS  AND  RESULTS 


Material 

Designation 

Temp. 

Pressure 

Time 

Density 

Grain 

Intercept 

°C 

psi 

min 

gm/cc 

1* 

I02A  D0282 

2100 

6000 

120 

5.91 

32 

10 2 A  D0283 

2050 

6000 

60 

5.87 

24 

I02A  D0289 

2050 

6000 

30 

5.80 

22 

10 2 A  D0290 

2050 

8000 

30 

5.85 

26 

I02A  D0291 

2200 

6000 

30 

5.78 

27 

10  2 A  DO  304* 

10 2 A  D0305F1 

2070 

6000 

60 

5.83 

35 

2075 

6000 

60 

5.99 

35 

I  Stark  D0306 

2070 

6000 

60 

6.08 

10 

10 2 A  DO 307  F 

2000 

6000 

60 

5.95 

30 

10 3 A  D0308 

2070 

6000 

60 

6.05 

25 

10  3 A  DO  309 

1980 

6000 

60 

6.04 

20 

10  3A  DO  3 10 

1900 

6000 

90 

5.97 

13 

10 3 A  D0311 

1800 

6000 

120 

5.54 

9 

10 3 A  D0312 

1800 

6-8000 

60 

5.66 

7 

10 3 A  D0313 

1900 

4000 

60 

5.99 

10 

10  3A  D0314F 

1800 

6000 

120 

6.00 

8 

I02A  DO  3 18** 

2060 

6000 

60 

++ 

m  •» 

10 3 A  D0320** 

1900 

6000 

60 

5.81 

10 

I02A  D0322 

2200 

4000 

90 

++ 

m  m 

I03A  D0323 

1800 

6000 

60 

5.  19 

-  - 

I03A  D0324 

1800 

6000 

30 

5.56 

7 

I03A  DO 32 5 

1800 

6000 

15 

5.  18 

— 

I02A  D0326 

2100 

6000 

240 

6.02 

40 

I02A  D0327 

1900 

6000 

60 

5.68 

7 

10 3 A  D0328 

1800 

6000 

25 

5.37 

6 

10 3 A  D0329 

1900 

4000 

60 

6.00 

•»  *i 

103A  D0330 

1900 

4000 

90 

5.98 

10 3 A  DO 331 

-  -  -  - 

— 

reacted 

-  - 

I03A  D0332 

1900 

4000 

120 

5.39 

-- 

10 3A  D0333 

1900 

4000 

30 

4.89 

-- 

10 3 A  D0334 

1900 

4000 

180 

5.94 

-- 

I03A  D0335 

2000 

4000 

60 

5.93 

I02A  D0336 

2000 

4000 

35 

5.65 

I02A  DO 337 

1900 

4000 

90 

5.62 

9 

10  2 A  DO  338 

1900 

4000 

50 

5.32 

30 

10  3A  DO  3  39 

1900 

4000 

100 

5.52 

9 

10 3 A  DO 340 

1900 

4000 

145 

5.82 

11 

*Ball  milled  with  WC  balls. 

Sample  size  1  inch  diameter  by  1  inch  high. 

1  The  letter  "F"  identifies  fluid  energy  milled  powder. 
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TABLE  17(CONT) 


MA  lXtUAij  1  HU1  CUfNJLUTiUNS  ADU  RJEjaUijTS 


Material  Grain  Furnace 


Designation 

Temp. 

Pressure 

Time 

Density 

Intercept 

No. 

°C 

psi 

min 

gm/cc 

10 ZA  00341 

2100 

6000 

90 

5.89 

31 

10ZA  DO  342 

2200 

4000 

40 

4.88 

I02A  DO  343 

2000 

4000 

60 

5.43 

6 

10ZA  DO 344 

2100 

4000 

25 

5.40 

«■  i* 

IOZA  DQ345F 

1950 

6000 

225 

5.97 

21 

I02A  DO 347 

2100 

4000 

40 

5.6fe 

«•  ■■ 

103A  DO 359 

2000 

4000 

75 

5.94 

-  - 

103A  DO 360 

2000 

4000 

75 

5.77 

«»  m 

IOZA  DO 36 1 

2160 

4000 

50 

5.70 

IOZA  DO 362 

2160 

4000 

35 

5.76 

IOZA  D0363F 

2100 

4000 

80 

3.87 

24 

I02A  DO 364 

2160 

4000 

90 

5.91 

IOZA  DO 365 

Reacted 

I03A  DO 366 

2000 

4000 

75 

5.92 

I03A  DO 367 

2000 

4000 

75 

5.85 

I03A  DO 368 

2000 

4000 

75 

5.68 

I03A  DO 369 

2000 

4000 

75 

6.00 

10 3A  D0414 

2000 

4000 

120 

5.88 

15 

I03A  D0415 

2000 

4000 

73 

5.78 

12 

I03A  D0416 

2000 

4000 

no 

3.95 

I03A  D0417 

1900 

6000 

105 

Reacted 

10 2 A  D0418 

2100 

6000 

163 

5.88 

102A  D0419F 

1900 

6000 

102 

5.80 

13 

I03A  DO 42 OF 

1800 

6000 

220 

5.81 

102A  D0421F 

2000 

6000 

115 

5.93 

30 

103A  D0422 

1900 

6000 

120 

6.00 

105  DO  455 

1900 

4000 

110 

4.95 

IB 

105  DO  446 

2000 

2500 

31 

3.94 

2B 

104  DO  447 

2000 

6000 

80 

5.64 

10 

3B 

105  D0450 

2100 

6000 

130 

6.11 

8 

IB 

105  D0451 

2000 

6000 

80 

4.76 

ZB 

104  D0452 

2100 

6000 

150 

5.81 

19 

3B 

104  D0453 

2000 

6000 

70 

4.35 

2B 

105  D0454 

2100 

4000 

80 

5.08 

IB 

105  DO  455 

2200 

4000 

75 

.  6.22 

3B 

102A  D0481 

Z1S0 

5000 

33 

3C 

I03A  D0483 

2080 

4000 

1000 

5.87 

2C 

103A  DO 484 

2080 

4000 

90 

5.91 

13 

ZC 

IOZA  D0485 

Z100 

6000 

270 

5.02 

1C 

106  DO  486 

2100 

6000 

180 

Reacted 

3C 

106  D0489 

2000 

6000 

160 

6.03 

3C 
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TABLE  17{CONT) 

MATERIAL  I  HOT  PRESSING  CONDITIONS  AND  RESULTS 


Material 


Grain  Furnace 


jl 

e  i  vou  tax  c 

AAlXJLc; 

~  •  > 

LrciiBuy 

nu, 

°C 

psi 

min 

gm/cc 

10  3A  B0475K* 

2100 

2500 

120 

5.99 

23 

2B 

10  3A  D0459K 

2000 

2500 

55 

5.5 

3C 

105  D0463 

2220 

6000 

180 

5.63 

7 

3C 

I03A  D0466 

2220 

8000 

90 

6.03 

29 

1C 

I02A  D048 1 

2150 

5000 

33 

3C 

10  3A  D0483 

2080 

4000 

100 

5.87 

33 

2C 

10  3A  DO 484 

2080 

4000 

90 

5.91 

13 

2C 

I02A  DO  43  5 

2100 

6000 

270 

5.02 

1C 

106  D0486 

2100 

6000 

240 

3C 

106  D0489 

2000 

6000 

160 

6.03 

7 

3C 

10 3A  VB01 

1500- 

4000 

400 

4.01 

31 

1600 

(vacuum) 

10 3A  D0539K 

2100 

2500 

120 

6. 06 

IE 

10 3 A  D0542K 

2000 

2500 

75 

10 3A  D0545K 

2000 

2500 

110 

2E 

I03A  D0548K 

2000 

4000 

60 

5.  17 

97 

2E 

107  D0555 

2000 

4000 

60 

5.75 

22 

IE 

107  D0558 

2000 

4000 

150 

5.81 

IE 

107  D0560 

1950 

30Q0 

60 

5,69 

IE 

10 3 A  D0563K 

2050 

2500 

105 

5,94 

56 

3E 

107  D0574 

2050 

4000 

80 

5.83 

35 

3E 

107  DO  575 

2100 

4000 

75 

5.75 

34 

IE 

10 5 A  D0587 

2100 

4000 

65 

5.90 

69 

3E 

107  D0589 

2150 

4000 

120 

5.90 

38 

IE 

10 5 A  D0590 

2050 

4000 

80 

5.93 

15 

IE 

10 2 A.  D0610 

2100 

4000 

60 

5.81 

2 

10  2 A  D0613 

2060 

4000 

60 

5.45 

18 

2 

103  D06 19 

2000 

2500 

140 

6.02 

2 

107  D0628F 

2060 

4000 

55 

5.98 

2 

10 5 A  D0650K 

2080 

2500 

120 

5.92 

10 3A  D0656 

1900 

4000 

58 

3 

I03A  D0657 

2100 

4000 

60 

2 

Letter  "K"  designated  billets  3  inch  diameter  by  1  inch  high,  all  other  billets 
2  inch  diameter  by  0.7  inch  high. 
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TABLE  18 


QUANTITATIVE  METALLOGRAPHIC  PHASE  ANALYSIS 
FOR  HOT  PRESSED  2rB, 

w 


ZrB2 

87.85 

87.7 

Orange  Phase 

2.33 

1.  1 

Zr02  (Gray  Phase) 

9.82 

8.5 

Pores  by  Density 

2.7 

Data  obtained  from  twelve  lineal  analysis  traces  of 
approximately  500  microns  each. 
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TABLE  19 


MATERIAL  I  WITH  INTENTIONAL  IMPURITY  PHASE  ADDITIONS, 
FABRICATION  CONDITIONS  AND  RESULTS 


Material 


De  signation 

Temp. 

°C 

Pressure 

psi 

Time 

min 

Density 
gm/ cc 

I02A  D0302 
(+5  w/o  ZrOi) 

2070 

6000 

30 

6.03 

10 2 A  D0303 
(+5  w/o  ZrC) 

2070 

6000 

30 

6.04 

10 2 A  D0504 
(+10  w/o  Y,0,- 

z*oz) 

1950 

4000 

60 

4.99 

10 2 A  D0505 

1950 

4000 

70 

(+10  w/o  ZrOz) 
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TABLE  20 

MATERIAL  V  FABRICATION  CONDITIONS  AND  RESULTS 


Material  Cialu  Furnace 


Designation 

Temp. 

Pressure 

Time 

Density 

Intercept 

°C 

psi 

min 

gm/cc 

M- 

V02A  DO 370 

2160 

4000 

50 

5.49 

9 

V02A  DO 37  1 

2160 

6000 

58 

5.49 

8 

V02A  D0372 

2100 

4000 

67 

5.47 

8 

V02A  DO 37 8 

2160 

6000 

120 

5.55 

11 

V03A  DO 38 1 

2000 

4000 

60 

5.83 

V02A  D0382 

2100 

4000 

60 

5.51 

V03A  D0384 

2000 

4000 

70 

5.54 

V02A  D0387 

2100 

4000 

20 

5.45 

7 

V02A  D0388 

1900 

4000 

30 

4.79 

5 

V03A  DO 389 

1900 

4000 

40 

5.30 

V02A  D0390F* 

2000 

4000 

25 

5.11 

7 

V02A  DO 39  IF 

2000 

4000 

15 

5.02 

7 

V02A  D0392F 

2000 

4000 

45 

5.21 

7 

V02A  D0393F 

2000 

4000 

35 

5.40 

6 

V02A  D0394F 

2000 

4000 

50 

5.47 

6 

V02A  D0395 

1900 

4000 

115 

5.22 

7 

V02A  DO  396 

1900 

4000 

125 

5.49 

7 

V02A  D0397 

1900 

4000 

110 

5.28 

8 

V02A  DO 398 

1800 

6000 

120 

5.23 

6 

V03A  D0473 

2000 

4000 

40 

5.24 

7 

V03A  D0474 

2000 

4000 

40 

5.29 

V03A  D0477 

2100 

4000 

45 

5.33 

V03A  D0478 

2000 

2500 

50 

5.02 

7 

V03A  DO 47 9 

2000 

2500 

20 

4.50 

V03A  D0480  m 

2000 

6000 

90 

5.54. 

7 

V02A  Q2206L 

2000 

2500 

90 

5.401- 

V02A  0222 1L 

2000 

1000 

75 

5. 12 

V02A  Q2225L 

2050 

1000 

60 

2000 

60 

5.31 

V(5J02  D0531 

20  SO 

4000 

60 

5.34 

11 

VO 0102  D0532  2050 

4000 

60 

5.80 

10 

V(  15)02  D0533  2050 

4000 

60 

5.66 

6 

V(35)02  D0541  2050 

4000 

50 

5.04 

6 

V(50)02  D0557  2000 

4000 

105 

3.57 

5 

V02A  DO 570  .  . 

.2100 

4000 

85 

5.44 

V07  DO  57  lK^OOO 

2500 

50 

5.20 

*F  Fluid  Energy  milled. 

L  designates  billet  size  5-3/4  inch  x  5-3/4  inch  x  l  inch. 
^Cracked  during  extraction  from  the  die. 

K  designates  billet  size  3  inch  diameter  x  1  inch  high. 
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TABLE  aO(CONT) 

MATERIAL  V  FABRICATION  CONDITIONS  AND  RESULTS 


Material 

Designation 


V07  D0576K 

V07  D0578K 

V07  D0580K 

V07  D0582K 

V07  D0586K 

V07  D0594 

V02A  D0612 
V02A  D0614 
V07  D0616 

VO  5  D0617 

V05A  D0618 
V07Q  2295L 
V05A  D0622 
V07Q  2297L 
V03A  D0658 
V03A  D0659 


Grain  Furnace 


Temp. 

Pressure 

Time 

Density 

Intercept 

No. 

°c 

psi 

min 

gm/cc 

2100 

2500 

90 

5.39 

2E 

2100 

2500 

40 

5.59 

2E 

2100 

2500 

55 

5.56 

7 

2E 

2100 

2500 

50 

5.53 

3E 

2100 

4000 

37 

5.55 

IE 

2100 

4000 

160 

5.54 

IE 

2060 

4000 

60 

5.44 

1 

1900 

4000 

60 

4.93 

1 

2060 

4000 

40 

5.39 

2 

2060 

4000 

45 

5.71 

I 

2060 

4000 

80 

5.54 

9 

l 

2000 

2500 

132 

5.53 

2100 

4000 

125 

3.76 

1 

2000 

2500 

80 

5.50 

2 

1900 

4000 

60 

4.95 

3 

2100 

4000 

60 

5.49 

3 

FABRICATION  CONDITIONS  FOR  SPECIAL  MATERIALS  USED 
FOR  MATERIAL  V  PHASE  ANALYSIS 


Furnace 


Composition 

Billet 

Temp. 

Preaaure 

Time 

No 

°C 

p«i 

min 

20  v/o  ZrC 

80  v/o  8iC 

D0623 

2100 

4000 

160 

1 

20  v/o  Zro2 

80  v/o  SIC 

D0424 

20  SO 

4000 

120 

1 

20  v/o  I05A 

20  v/o  ZrC 

40  v/o  SiC 

D0625 

2050 

4000 

HO 

2 

20  v/o  SOSA 

20  v/o  ZrOs 
40  v/o  SiC 

DC  6  26 

i 

2050 

4000 

100 

1 

20  v/o  ZrC 

20  v/o  ZrOj 
40  v/o  SiC 

D0627 

2050 

4000 

155 

1 

200 


I 


MICROSTRUCTURE  STUDY  OF  SPECIAL.  MATERIALS  USED  FOR  MATERIAL  V  ANALYSIS 
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value*  shown  in  parentheses. 


TABLE  23 


MATERIAL  Vni  FABRICATION  CONDITIONS  AND  RESULTS 


Grain 


Material 

Designation 

Graphite 

Source 

Temp. 

Pressure 

Time 

Density 

Inter¬ 

cept 

Furnace 

No. 

°c 

psi 

min 

gm/cc 

P 

VUX02  B0497 

Regal 

2200 

4000 

90 

Reacted 

VUIO 2  D0498 

Regal 

2100 

4000 

90 

4.53 

5 

3C 

VHI02A  D0592 

Poco 

2050 

4000 

100 

4.50 

5 

3E 

VUI07  D0605K 

Regal 

2100 

2500 

48 

Reacted 

2 

VIII07  D0606K 

Regal 

2050 

2500 

190 

4.55 

3 

VXU07  D06C7 

Poco 

2050 

4000 

82 

4.42 

4 

3 

Vino?  D0609 

Aqua dag 

2050 

4000 

70 

4,57 

4 

2 

vni(17)(  15)07 
DQ620 

Regal 

2050 

4000 

120 

5.04 

4 

2 

VUI07  D062IK 

Regal 

2060 

2500 

155 

4.47 

1 

V2U07  Q2301L 

Regal 

2000 

2500 

140 

4.27 

202 


TABLE  24 


MATERIAL  X  FABRICATION  CONDITIONS  AND  RESULTS 


Material 


Designation 

Temp. 

°C 

Pressure 

psi 

X07  DQ596 

1900 

4000 

X07  D0597 

1800 

4000 

X07  D0634 

1700 

4000 

X07  D0635 

2000 

4000 

Time 

Density 

Grain 

Intercept 

Furnace 

No. 

min 

gm/cc 

¥■ 

40 

5.53 

12 

1 

50 

5.28 

4 

1 

195 

5.28 

5 

1 

140 

5.81 

15 

3 

203 


TABLE  25 


MATERIAL  XII  FABRICATION  CONDITIONS  AND  RESULTS 


Material 

Dm  «ig  nation 

Graphite 

Source 

Temp. 

Pressure 

Time 

Density 

Grain 

Intercept 

Furnace 

No. 

°c 

pci 

min 

gm/cc 

H- 

XH02  D0S44 

Poco 

2200 

4000 

60 

Reacted 

2E 

XU 02  DO  5  46 

Poco 

2100 

4000 

120 

3.64 

2E 

XH07  D0579 

Poco 

2100 

4000 

80 

4.06 

4 

3E 

3(11(20)07  D058S 

Poco 

2100 

4000 

50 

5.30 

5 

IE 

301(5)07  D0500 

Poco 

2100 

4000 

80 

Reacted 

LE 

301(10)07  D0601 

Poco 

2100 

4000 

Reacted 

2E 

301(5)07  I>0602 

Poco 

2050 

4000 

145 

5.89 

2 

301(15)07  D0603 

Poco 

2050 

4000 

105 

5.42 

6 

3 

301(35)07  D0604 

Poco 

2050 

4000 

190 

4.61 

4 

2 

301(20)07  D0608 

Regal 

2050 

4000 

80 

5.23 

5 

2 

301(5)07  D06I5 

Thornel 

2060 

4000 

103 

5.89 

1 

30107  D0629K 

Regal 

2060 

2500 

113 

3.88 

2 

30007  D0630K 

Regal 

2060 

2500 

69 

Porous 

1 

301(5)07  D063U 

Regal 

2080 

4000 

73 

5.89 

3 

301(10)07  D0634 

Regal 

2080 

4000 

80 

5.61 

1 

301(15)07  D0641 

Regal 

2080 

4000 

85 

5.51 

1 

301(20)07  D0642 

Regal 

2000 

4000 

80 

5.19 

3 

301(5)07  D0665 

Poco 

1900 

4000 

120 

3 

301(10)07  D0667 

Poco 

2050 

4000 

202 

3 

301(5)07  D066Q 

Poco 

2050 

4000 

200 

1 

204 


TABLE  26 


MATERIAL  II  HOT  PRESSING  CONDITIONS  AND  RESULTS 


Material 

Grain 

Furnace 

Designation 

Temp. 

Pressure 

Time 

Density 

Intercept 

No. 

°c 

psi 

min 

gm/cc 

P 

U05  D0315 

2000 

6000 

150 

9.23 

9 

H05  D0316 

2200 

6000 

120 

10.62 

40 

1105  D0346 

2100 

6000 

60 

9.52 

12 

H05  DO 3 48 

2200 

6000 

200 

10.58 

34 

H05  DO 349 

2150 

6000 

30 

9.53 

11 

U05  D0351 

2200 

4000 

200 

10.53 

31 

1105  D0352 

2100 

4000 

150 

10.25 

15 

1105  D0353 

2200 

4000 

140 

10.52 

37 

HO!  D0354A 

2165 

4000 

120 

10.32 

HOb  D0354B 

2165 

4000 

120 

10.53 

HO 5  D0355A 

2200 

4000 

120 

10.50 

42 

1105  D0355B 

2200 

4000 

120 

10.46 

41 

HO 5  DO  356 A 

2170 

4000 

120 

10.07 

HO 5  D0356B 

2170 

4000 

120 

10.  19 

19 

H05  D035? 

2150-2200 

4000 

120 

9.93 

14 

H06  D0373 

2200 

4000 

55 

11.  10 

2A 

H06  D0374 

2100 

4000 

42 

11.  17 

3A 

H06  D0375 

2000 

4000 

68 

11.  15 

1A 

H06  D0376 

1900 

4000 

145 

11.  14 

7 

3A 

H06  D0379 

1800 

4000 

130 

10.84 

5 

3A 

H06  D0383 

2000 

4000 

40 

11.  17 

3A 

H05  D0399 

1900 

4000 

100 

9.  10 

3B 

H05  D0409 

2000 

6000 

180 

9.80 

8 

3B 

H05  D0413 

2100 

2500 

124 

9.54 

3B 

H05  D0423 

1900 

6000 

180 

9.26 

9 

2B 

HO 5  D0425 

2000 

4000 

153 

9.45 

9 

IB 

H05  D0427 

2100 

4000 

108 

9.57 

15 

2B 

HO  5  D0429 

2100 

6000 

137 

10.  13 

IB 

H05  D0430 

2200 

2500 

60 

Reacted 

3B 

H05  D0435 

2100 

6000 

95 

9.84 

3B 

H05  D0437 

2200 

2500 

110 

9.93 

2B 

H07  D0458 

2200 

4000 

53 

Reacted 

22 

IB 

HO 5  D0471 

2000 

8000 

30 

9.36 

3C 

H05  D0482F 

2100 

6000 

40 

10.24 

3C 

HO 5  D0482A 

1980 

6000 

60 

10.21 

2C 

H08  D0487 

2200 

4000 

120 

9.95 

46 

2C 

H08  D0490 

2100 

4000 

160 

10.21 

23 

2C 

H05  D0595K 

2100 

2500 

20 

9.51 

3E 

H06  D0672 

1900 

4000 

165 

10.67 
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PHASE  DISTRIBUTIONS  FOR  HOT  PRESSED  BILLETS 
OF  MATERIALS  II,  III  AND  IV 

Vo  ,e  Per  Cent 


Mote  rial 
Designation 

SiC 

Major 

Impurity 

Phase 

Grain 

Boundary 

Phase 

Pores 

DOS  D0316 

91.4 

0 

7.8 

0,1 

0.7 

inO 5  DO 377 

71.8 

24.8 

3.4 

0 

0 

69.2 


1V05  D040S 


29.5 


1.3 


0 


0 


TABLE  28 


MATERIAL  III  HOT  PRESSING  CONDITIONS  AND  RESULTS 


Material  + 

Designation 

Temp. 

Pressure 

Time 

Density 

Grain 

Intercept 

Furnace 

No. 

°c 

psi 

min 

gm/cc 

* 

U205  D0377 

2200 

4000 

90 

9.50 

16 

2A 

1110 5  D0380 

2150 

4000 

90 

9.41 

12 

1A 

11X05  D0385 

2050 

4000 

7£ 

9.25 

9 

2A 

UI05  DO 386 

2050 

4000 

60 

9.26 

9 

3A 

IH05  D0400 

2000 

4000 

110 

8.86 

9 

IB 

IH05  D0401 

1900 

4000 

100 

8.  19 

5 

2B 

UI05  DO 402 

1900 

6000 

160 

7.84 

6 

IB 

IH05  D0403 

2100 

4000 

90 

9.28 

8 

2B 

III 05  DO 404 

1800 

5000 

120 

7.34 

3B 

11105  DO 408 

2000 

6000 

160 

9.03 

5 

IB 

11105  D0412 

2100 

2500 

132 

9.  12 

10 

IB 

DIO 5  D0426 

2000 

4000 

128 

9.06 

7 

3B 

IU05  D0431 

2200 

2500 

80 

8.61 

3B 

11105  D0433 

2200 

4000 

39 

9.33 

11 

IB 

IH05  D0438 

2100 

2500 

100 

9.04 

IB 

m05  D0440 

2000 

2500 

128 

7.82 

IB 

1U05  DO 444 

2000 

4000 

100 

8.52 

6 

IB 

111(5)  05  D0496 

2200 

4000 

90 

10.  16 

63 

2C 

111(10)05  DO 50 3 

2150 

4000 

90 

10.00 

3C 

III(  10)05  D0538 

2030 

4000 

70 

9.81 

9 

ID 

111(10)05  D0559 

1950 

3000 

60 

7.35 

3E 

11105  D0573 

2100 

4000 

80 

9.  18 

2E 

11105  D0583K 

2100 

4000 

80 

9.30 

2E 

111(50)05  D0593 

2050 

4000 

120 

6.79 

3E 

11105  D0599K 

2100 

2500 

40 

9.23 

IE 

The  basic  composition  of  Material  III  contains  20  vol.  %  SiC.  Composition 
variations  from  this  base  are  denoted  by  placing  the  vol.  %  of  SiC  in  paren¬ 
thesis  following  the  roman  numeral  111. 


TABLE  29 


MATERIAL  IV  jj  AWRICATION  CONDITIONS  AND  RESULTS 


Material  * 
Designation 

Y  <3  WID* 

Pressure 

Time 

Density 

Grain 

Intercept 

Furnace 

No. 

psi 

min 

gm/cc 

M 

IV05  D0405 

2200 

4000 

103 

8.62 

13 

IB 

IV05  D04G6 

2100 

4000 

70 

8.60 

8 

2B 

IV05  DO 407 

2000 

4000 

no 

7.92 

8 

2B 

IVOS  D0410 

2000 

6C00 

191 

8.57 

6 

2B 

IVOS  D041 1 

2100 

2500 

160 

7.91 

7 

IB 

IVOS  D0424 

1900 

6000 

122 

7.78 

7 

IB 

IVOS  D0428 

1900 

4000 

127 

6.98 

2B 

IV05  D0432 

2200 

2500 

60 

Reacted 

IB 

IVOS  DO 434 

2000 

4000 

80 

8.45 

8 

2B 

IVOS  D0436 

2100 

2500 

120 

7.97 

3B 

IVOS  D0439 

2100 

4000 

68 

8.57 

8 

2B 

IV05  DO  441 

2000 

2500 

80 

6.88 

3B 

IV05  D0442 

1900 

4000 

141 

6.97 

2B 

IVOS  D0443 

2000 

4000 

90 

7.99 

3B 

IVOS  D0448 

2150 

2500 

50 

8.59 

10 

3B 

IVOS  DO 449 

2050 

4000 

140 

7.78 

7 

2B 

IVOS  D0476 

2000 

5000 

95 

7.94 

6 

2C 

IVOS  DO 547 

2000 

4000 

80 

Cracked 

2E 

IVOS  D0549 

2000 

4000 

140 

8.53 

3E 

iff 

The  basic  composition  of  Material  IV  contain*  30  vol.  %  SiC. 


TABLE  30 


UATVDTAT  trr  rr*  a  _ 

- - - ,*  in  ^uiNUiTlUWS  AND  RESULTS 


Material 

Desianation 

Temp. 

O- 

Pressure 

Time 

Density 

Grain 

Intercept 

Furnace 

No. 

C 

psi 

min 

gm/cc 

VI05  00460 

2000 

6000 

120 

9.01 

2C 

VI05  DO 46 1 

2100 

6000 

160 

10.03 

8 

1C 

VI05  D046 2 

2200 

4000 

190 

10.97 

14 

1C 

209 


TABLE  31 


PHASE  DISTRIBUTION  FOR  MATERIAL  VI 
BILLET  VI05  D0462 


PhJLte 


Volume  Per  Cent 


TABLE  32 


INCIDENCE  OF  BILLET  CRACKING  FOR 
MATERIALS  I  AND  II 


Designation 

Powder 

Number/ 

Total 

Per  Cent 

I 

02A 

severe  cracks  /total  examined 

0/13 

0 

02A 

edge  cracks/total  examined 

4/ 13 

31 

02A 

total  cracked/total  examined 

4/13 

31 

03A 

severe  cracks/^otal  examined 

4/19 

21 

03A 

edge  cracks/total  examined 

6/19 

31 

03A 

total  cracked/total  examined 

10/19 

53 

ii** 

all 

severe  cracks/ total  examined 

6/38 

16 

all 

edge  cracks  /total  examined 

12/38 

31 

all 

total  cracked/total  examined 

18/38 

47 

II 

05 

severe  cracks/total  examined 

3/24 

13 

05 

edge  cracks/total  examined 

4/24 

17 

05 

total  cracked/total  examined 

7/24 

29 

06 

severe  cr&cks/total  examined 

4/5 

80 

06 

edge  cracks/total  examined 

0/5 

0 

06 

total  cracks/total  examined 

4/5 

80 

Severe  cracks,  indicates  billet  scraped. 

lie  ||| 

Includes  I02A,  103A,  104,  105  and  106  powders. 
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PRESS  FORCING  OF  MATERIAL  I 


TABLE  34 


PLASMA  SPRAYING  OF  MATERIALS  I  AND  II 


Material 

Designation 

Substrate 

Gun  to  Work 
Distance 

Current 

Results 

inches 

amps 

I02A  P009F 

Silica  Phenolic 

5 

700 

12  mil  coating, 
poor  self  bonding 

IIQ5  POO 7 

Silica  Phenolic 

5 

700 

12  mil  coating, 
poor  self  bonding 

10 2 A  P0158F 

Stainless  Steel 

5 

700 

3  mil  coating, 
poor  self  bonding 

102A  P0159F 

Stainless  Steel 

2-3 

750 

5  mil  coating 

10 2 A  P0160F 

Stainless  Steel 

2-3 

750 

7  mil  coating 

I02A  P0 161 

Stainless  Steel 

2-3 

750 

5  mil  coating 

10 2 A  P0162F 

Stainless  Steel 

2-3 

750 

Poor  adherence 

I02A  P0175 

Stainless  Steel 

2-3 

750 

12  mil  coating 

10 2 A  P0176 

Copper 

2-3 

750 

1 1  mil  coating 

I02A  P0177 

Aluminum 

2-3 

750 

8  mil  coating 
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ufc'M  v-o*  -H-  ■ 


1  inch  diameter  x  1  inch  high. 


TABLE  36 


REINFORCED  COMPOSITES  FABRICATION  CONDITIONS 

AND  RESULTS 


Material 

Designation 

Rein~ 

forcing 

Agent 

Temp 

Pres 

sure 

°C 

psi 

Vf(5)02A  DO 566 

SiC 

Whiskers 

2050 

4000 

Vf(2002A  DO 567 

SiC 

Whiskers 

2050 

4000 

XUf(5)03A  D0572 

Thornel 

25 

2100 

4000 

XHf(5)03A  D0615 

Thornel 

25 

2060 

4000 

XHf(5)07  D0644 

Thornel 

25 

2060 

4000 

XHIf(5)02A  DO 564 

W 

2050 

4000 

Filament 


Time  Density  Remarks 


mu 

gm/cc 

50 

5.78 

Whiskers  destroyed 
redistributed 

115 

3.05 

Whiskers  destroyed 

80 

5.94 

Reaction  of  Fibers 

103 

5.89 

Fibers  completely 
disappeared 

102 

5.  83 

Continuous  filaments 
satisfactory  dis¬ 
tribution 

185 

5.76 

Filament  cluster 

and  slight  reaction 


TABLE  37 


POSSIBLE  DIBORIDE  MATRIX  FIBER  COMBINE  TIONS* 


Material 

Expected 
Stability  Limit 

Remarks 

W-ZrB2 

2250°C 

Probable  cracking  due  to  differences 
in  coefficients  of  thermal  expansion 
(CTE)  but  otherwise  mechanically 
and  thermally  stable. 

W-HfBj 

2345°C 

Same  as  W-ZrBr 

Mo>ZrB2.  Mo-HfB2 

<1400°C 

Possible  ternary  reaction  phase 
leading  to  disappearance  of  fibers. 

T*-ZrB'2 

2160°C 

Liquid  formation  and  possible  ternary 
reaction  phase  at  much  lower  temp¬ 
erature  leading  to  disappearance 
of  Ta. 

Ta-HfB2 

2220°C 

Same  as  Ta-ZrB2> 

B-ZrB2 

2000°C 

Eutectic  melting,  moreover  B  fila¬ 
ments  degrade  severely  and  perma¬ 
nently  around  800°C. 

B-H£B2 

206  5°C 

Same  as  B-ZrBr 

C-ZrBz 

2390°C 

Pseudo  binary  eutectic  melting,  also 
probably  cracking  due  to  CTE 
difference. 

C-HfB2 

2515°C 

Same  as  C-ZrB2> 

SiC-ZrB2.SiC-HfB2 

2200°-2300°C 

Excellent  thermochemical  compati¬ 
bility  and  increased  oxidation  resist¬ 
ance  of  diborides.  Cracking  found  in 
particulate  composites. 

B4C-ZrB2 

2220°C 

Pseudo  binary  eutectic  melting,  also 
probable  cracking  due  to  CTE  diff¬ 
erence. 

B4C-HfB2 

2330°C 

Same  as  3^-KfB,. 

AI203-ZrB2, 

AI2OrHfB2 

2049°C 

Melting  of  alumina.  Possible  long 
term  lower  temperature  utilisation  if 
fabrication  can  be  performed  below 
melting  point  of  oxide. 
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TABLE  38 


SUMMARY  OF  THERMAL  SCREENING 


* 

Run  No. 

Temp  °C 
(optica  If* 

Time -min 

Atm 

Specimen 

Remarks 

i 

1830 

60 

Argon 

Carb  ZrBg 

Thin  oxide  skin 

2 

1830 

60 

Argon 

Carb  ZrBg 

3 

1830 

60 

Argon 

Norton  ZrB_ 
I02A  D0283  4 

4 

1830 

60 

Argon 

I02A  D0291 

5 

1830 

60 

Argon 

Carb  ZrB, 

10  2 A  DO  30  o 

10  3 A  DO  340 

Thin  oxide  skin 

Thin  oxide  skin 

Thin  oxide  skin 

6 

1830 

60 

Argon 

102AD0291 
I02A  D0326 
I02A  D0338 

102 A  DO 345 
X03A  D0309 
I03A  DO 3 14 

10 3 A  D0328 
I03A  DO 360 

7 

1830 

60 

l0-5 

Torr 

V02  D0372 

*  1  mil  SiC  ’’recession1 

8 

1800 

120 

Argon 

I1I05  D0386 

~  1  mil  SiC  "recession1 

9 

2100 

60 

IQ'5 

Torr 

10 2 A  D0326 

10 3 A  D0314 

HO 5  D0348 
HI05  D0386 
IV05  D0410 
V02A  DO 37  l 
V03A  DQ480 
VI05  DO 462 

10 

Furnace  failure  at  2270°C  (optical)  in  vacuum 

11 

Furnace  failure  at  2160°C  (optical)  in  vacuum 
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TABLE  38(CONT) 

SUMMARY  OF  THERMAL  SCREENING 


$ 

Run  No. 

Temp  °C 
(optical) 

Time- min 

Atm 

Specimen 

12 

2300 

(color) 

15 

Argon 

I02A  D0289 
£03A  00324 

10 5 A  D0590 

107  D0589 

H05  D0352 

U10 5  D0538 
IV05  D0410 
V02A  D0372 
V03A  D0480 
V07  D0580K 
VU107  D0592 
X2102A  0056 1 

13 

2200 

(color) 

15 

Argon 

Vino  2 A  DO  498 
X07  00596 

14 

2200 

15 

Argon 

107  DO 589 

a 

Runs  No.  13  and  14  were  carried  out  in  the  oxidation  furnaces 
Temperatures  were  determined  by  a  two-color  pyrometer. 


Remarks 

Very  large  ZrB£  grains 


Pheripheral  change 

Peripheral  change 
Second  phase  melting 

Orange  phase 


in  flowing  argon. 


tahi.f  30 

MELTING  POINTS  OF  HOT  PRESSED  STRUCTURES 


Melting  Temperature  -  °C 


Material 

Incipient 

Complete 

102A  0289 

2630 

3095 

10 3 A  0324 

2568 

3075 

Norton  ZrB^1 

2945 

3017 

Carborundum  Zrl^ 

2600 

3085 

1105  0315 

3235 

3344 

1106  0383 

2697 

3085 

j^l 

Heavy  outgaasing  at  2540  C. 


TABLE  40 


BEND  STRENGTH  AS  A  FUNCTION  OF  TEMPERATURE 


'Material  Relative  Density 
Designation  Grain  Intercept 


Bend  Strength,  10_  pai,  at 


23°C 


800°  C 


1400°C 


1800°C 


I02A  DO 30 5 

99.3 

42.3* 

72.0* 

21.5 

19.0  N.B. 

35  FEM 

55.8* 

64.2 

25.5* 

26.2 

51.9 

68.6 

27.3* 

29.1  N.B. 

I02A  DO  326 

99.9 

38.5 

56.6** 

27.5 

21.  1  N.B. 

40 

36.5 

56.9 

25.4 

20.8  N.B. 

38.5 

47.8 

29.9 

20.2  S.B. 

I02A  DO  345 

99.2 

50. 1* 

49.4* 

30.8 

27.4  N 

21  FEM 

34. 

52.6** 

32.0* 

24.0  N.B. 

47.7** 

65.3 

33.3 

29.$*N.B. 

10 3A  D0314 

99.6 

46.  2 

77.8 

39.7* 

25.!?S.B. 

8 

42.3* 

59.7 

39.5 

26. 

48.1 

57.8 

29.2TB 

102A  DO 338 

97.6 

49.0 

54.3 

26.8 

24.2  S.B. 

33 

47.8** 

58.7 

26.6 

28.3  S.B. 

40.7* 

46.1 

23.0 

37.2 

102A  D0291 

95.9 

44.2* 

54.2** 

17.8 

13.6  N.B. 

27 

50.0* 

49.2 

17.6 

13.  £TN.B. 

58.6 

40.9 

17.  £>  S.  B* 

I03A  DO 360 

95.6 

59.7. 

36.5. 

35.8 

29. fifs,  B. 

11 

39.0* 

56.4* 

34.9 

32.2TS.B. 

51,7** 

70.2 

18.  TB 

103A  DO 328 

89.1 

30.8 

67.8.. 

33.2 

33.  3.B 

6 

40.4 

55.3** 

26.3 

28.  i S.B. 

46.2 

b8.0* 

31.  sB 

I02A  DO 343 

90.0 

40.3 

26.9 

6 

25.3 

28.0  S.B. 

28.2 

28.  TB 

10 5 A  D0590 

97 

38.2* 

42.8* 

18. 4 

15.0  N.B. 

38 

39. 2A 

49.0* 

16. 1 

16.8  N.B. 

32.9* 

42.6* 

15.3 

17.2  N.B. 
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BEND  STRENGTH  AS  A  FUNCTION  OF  TEMPERATURE 

_  ..*3 

Material  Relative  Density 

Designation  Grain  Intercept 

V- 


23°C 


Bend  Strength,  10°  pai,  at 
800°C  1400°C 


1800°C 


1105  D0348 

99.4 

** 

41.4 

9.8*S.B. 

34 

36.7 

10. 2*B 

45.9 

9.0  N.B. 

DOS  D0352 

96.7 

55.7** 

65.  9** 

16.  9^ 

21,3  S.B. 

15  FEM 

63.8** 

58.4 

14.  5* 

29.0TS.B. 

52.0 

53.2 

14.2* 

28. 3*M.B. 

1105  D0349 

90 

47.5** 

2 1.3.  N.B. 

11 

44.7** 

25.8*S,B. 

50.5** 

23.0  N.B. 

H06  D0379 

96.7 

56.9** 

15.  1 

23.  3  B 

5 

44.8* 

25.8*S.B. 

50.3** 

27.4*B 

Hl(  10)05  D0538 

98.9 

68.7** 

26 . 8*B 

9 

60-9* 

28. 1JB 

63.  5* 

24.8  B 

III05  DO  386 

99.7 

54.9** 

38.6* 

35, 7*S. B. 

9 

56. 9** 

39«  0* 

41.9TS.B. 

59.2 

38.0* 

42.4*S.  B. 

DIO 5  D0400 

95.3 

44.3.. 

42.0 

42, 0*S.  B. 

9 

47.4* 

46.  1** 

46.7. 

53.7  S.B. 

55.3** 

55.9** 

45.0* 

48.  1  S.B. 

mo  5  DO  444 

9i.6 

41,7.. 

39.5* 

26.8*B 

6 

37.3** 

56.6* 

32.2  S.B. 

39.9 

28.9 

37.3  S.B. 

IH05  D0402 

84.3 

29.9* 

25.8 

Z7.9*B 

6 

22.  2 

22.7 

30, 0*B 

29.9** 

23.  1 

28.0*B 

I.V05  D0410 

99.4 

50*4** 

Ait 

50.  9 

61.7* 

44.9*S.B. 

48.6** 

54.  9* 

61.9* 

58. 9*S.  B. 

49.0 

61.3* 

56.4* 

59.6  N.B, 
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TABLE  40  (CONT) 


BEND  STRENGTH  AS  A  FUNCTION  OF  TEMPERATURE 


Material 

Relative  Deneity 

Bend  Strength, 

103  psi  at 

Designation 

Grain  Intercept 

23°C 

800  C 

1400°C 

1800°C 

IV05  D0449 

90.2 

41. I** 

43.0* 

20. 5*B 

7 

38.  1 

34.  1* 

30.9  S.B. 

34.5* 

40.  3*S,  B. 

V02A  D0371 

100 

50.5 

52.7 

43.0 

38. 2*B 

8 

50.0* 

50.6 

42.0 

44.9  B 

50.0 

55.0 

39.2 

41.0  B 

V02A  DO  395 

95.5 

51.2** 

5lT5T?4 

23.  3 

34. 7* B 

7 

52.2 

46.8  51.2 

24.3* 

32.0  p 

48.2 

55.6  45.5 

19.3* 

39.3  B 

V02A  D0391 

90.1 

39.7* 

25.  5*B 

7  FEM 

48.2** 

34.9  B 

69.2** 

30.4  B 

V03A  D0480 

100 

39.3** 

46.3 

41.3* 

43.8*B 

35.0*S.B, 

7 

38.1* 

48.4 

48‘ 1** 
48.2** 

36.4 

34.9 

40. 5*B 

V(  10)02  D0532 

100 

11 

68.7** 

60.9* 

42.5  B 

38.6  B 

63.5* 

42. 5  B 

V(S5)02  D0541 

100 

6 

71.8** 

62.7** 

44. 9*B 
43.3  S.B. 

71. 1 

43.8  B 

VI 05  DO  461 

91.2 

55.  1* 

42.  2**S.  B. 

8 

38.2** 

34.3*  N.B, 

38.5 

34.8*  N.B, 

V 11X02  D0498 

41.2 

43.3* 

47.8  B 

48. V* 

45. 5**B 

37.8 

XII(20)07  DO 585  100 

4.8 

69.4 

63.4 

18.  1*  B 
21.9*  B 

25.5*  B 

♦Single  fracture  at  one  knife  edge. 

♦♦Primary  fracture  within  gage  length  and  secondary  fracture  at  one  knife  edge 
resulting  in  three  sections. 

NB  =  no  bending. 

SB  =  slight  plastic  bending  <<1%. 

B  =  plastic  bending  of  <1%. 
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TABLE  41 


PHASE  II  BEND  STRENGTH  AS  A  FUNCTION 
OF  TEMPERATURE 


Bend  Strength, 

i  10 3  psi  at 

Material 

Designation 

Relative  Density 
Grain  Intercept 
%  "K 

23°C 

1800°C 

10  3A  D0619K 

100 

92. 0 

20.8* **  S.B. 

18.4 

36.  1 

22.8*  S.B. 

49.3 

25.5*  S.B. 

V07  D0580K 

100 

lk 

57.6 

37. 1*  B 

7.0 

48.2 

38.3  B 

35.2*  B 

*  Single  fracture  at  one  knife  edge. 

**  fettfiirSS  V&MSxft*.8®  and  »«coad*ry  fracture  at  one  knife  edge 

S.  B. slight  plastic  bending  «l%. 

8  Plastic  bending  <1%. 


TABLE  42 


BEND  STRENGTH*  VERSUS  TEST  TEMPERATURE  FOR 
TWO  COMMERCIAL  LOTS  OF  HOT  PRESSED 
ZIRCONIUM  DIBORIDE 


Test  Temperature 

Loading 

System*"* 

4* 

Norton  ZrB? 
Bend  Strength. 

Carborundum  ZrB^ 
Bend  Strength 

°C 

lO^psi 

10  psi 

-  196 

3 -point 

35.8 

48.5 

23 

3 -point 

33.0 

43.3 

700 

3 -point 

27.7 

1000 

3 -point 

25.0 

38.2 

1200 

3 -point 

21.8 

35.0 

1400 

3 -point 

22.3 

17.0 

4 -point 

16.2 

17.2 

1800 

4 -point 

4.7 

15.6 

** 


"^Reported  strengths  are  averages  of  from  3  to  11  tests  per  temperature. 

**3-poiut  tests  performed  at  MaoLabs,  4-point  tests  performed  at  Avco. 

^Norton  ZrB2»,  89%  dense,  18fi  grain  intercept,  ZrC  X-ray  second  phase 
(calc,  to  be  9.0  w/o  from  chemical  analysis),  3.0  -w/o  metallic  impuri¬ 
ties  (principally  Cr,  Fe,  Al). 

♦♦Carborundum  ZrB?,  95%  dense,  16 a  grain  intercept,  ZrO^  X-ray  phase 
(calc,  to  be  3.8  w/o  from  chemical  analysis),  low  in  metallic  impurities. 


TABLE  43 


BEND  STRENGTHS  OF  FREOXIDIZED  COMMERCIAL 
HOT  PRESSED  ZIRCONIUM  DIBORIDE 


Test 

Unoxidized 

Pre-oxidized 

Matrix 

Material 

Temperature 

Matrix 

Matrix 

4  Oxide 

°C 

103p»i 

lO^psi 

103psi 

Norton  ZrB^ 

23 

27-49 

40.7 

24.6 

1000 

19-31 

28.0 

14.4 

Carborundum  ZrB, 

23 

30-55 

38.0 

23.4 

c 

1000 

25-55 

62  6 

38.6 

1000 

25-55 

55.3 

36.1 
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TABLE  44 

EFFECT  OF  SURFACE  FINISH  ON  BEND  STRENGTH  OF 
BILLET  V07  D0576K  AT  23°C 


Surface  Preparation 

Grit  Siae 

220 

400 

500 

l/4p  diamond 

Surface  Finish  Center 

Line  Average  Deviation, 
Microinches 

13 

7.5 

10 

0.3 

3 

Strength  Values,  10  psi 

64.7** 

e 

68.3 

** 

62.0 

eft 

69.9** 

76.5** 

43.0 

62.6.. 

72.7** 

58. 7*J 
51.3** 

71.6** 

67.9** 

69.2  * 

47.8 

66 . 8 

60.3,. 

45. 1* 

64.5 

66.4** 

73.8* 

69.4** 

64. 1 

68.  1 

76.4 

Mean  Strength,  103  psi 

60.9 

63.2 

65.9 

66.8 

3 

Standard  Deviation,  10  psi 

11.6 

10.3 

2.9 

10.8 

4> 

Single  fracturci  at  one  knife  edge . 

4)4* 

Primary  fracture  within  gage  length  and  secondary  fracture  at  one 
knife  edge  resulting  in  threa  sections. 
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DYNAMIC  ELASTIC  MODULUS  MEASUREMENTS 


Material 

Designation 

Density 

Comprea- 
sional  Pulse 
Velocity 

VL 

Transverse 

Pulse 

Velocity 

VT 

Poisson 

Ratio 

Young1* 

Modulus 

E 

gm/cc 

% 

5  . 

10  cm/sec 

10^  cm/sec 

10fe  psi 

IG3AD0313 

5.99 

99.4 

9.30 

5.85 

0.  17 

70.5 

H05D0353 

10.52 

99.2 

6.93 

4.58 

0.  12 

71.0 

H05D0355B 

10.46 

98.6 

7.02 

4.35 

0.  19 

68.5 

IH05D0385 

9.25 

100 

7.47 

4.79 

0.15 

70.5 

III  05  D0426 

9.06 

98 

7.25 

4.78 

0.  12 

67.2 

IV05  D0405 

9. 45 

100 

7.35 

5.03 

0.06 

73.0 

VO  2A  DO  387 

5.45 

100 

9.90 

5.75 

0.24 

66.0 

ELASTIC  MODULUS  AS  A  FUNCTION  OF  TEMPERATURE 
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Vm02  D0498  100  29.5  34,8  35.8  31.4 

5  32.4 


TABLE  46  (CONT) 

ELASTIC  MODULUS  AS  A  FUNCTION  OF  TEMPERATURE 


Performed  at  AVCO. 
Performed  at  MANLABS. 


TABLE  47 

STATIC  AND  DYNAMIC  MODULUS  VALUES  FOR 
HOT  PRESSED  ZrB2 


Material 

Relative 

Density 

Method 

Young  8s 
Modulus  (E) 

% 

lO^psi 

(13) 

87 

dynamic 

51.9 

Norton 

89 

static 

54.5 

(13) 

93 

dynamic 

63.6 

Carborundum 

95 

static 

65.4 

(13) 

98 

dynamic 

73.5 
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TABLE  48 


\^kj  xvur wj 


hiaaO/^  ***v»tr«pn  r*w  A^vrvBP  r* n  ATM  Of  7  I? 
tow  v  ”  A  X  *’  *\4«v  *  V«>*-  w*w*«*» 


WITH  AS-HOT  PRESSED  GRAIN  SIZE 


Material 

Designation 

A* -Hot  Pressed 
Grain  Intercept 

Post  -  18O0°C  -  Test 
Grain  Intercept 

I02A  D029I 

V- 

27 

36 

10  2A  DO  338 

30 

27 

1105  DO 348 

34 

36 

1105  D0349 

11 

14 

11105  D0400 

9 

7 

mo  5  DO 402 

6 

9 

11105  DO  386 

9 

12 

1V05  D0410 

6 

9 

IV05  D0449 

7 

7 

V02A  DO 37  1 

8 

8 

TABLE  49 


DENSITY  MEASUREMENTS  ON  BEND  SPECIMENS 
TESTED  AT  23°C 


Material 

Designation 

Original  Billet 
Density 

gm/ctn 

I02A  DO 305 

5.99 

I02A  DO  345 

5.97 

I03A  D0314 

6.00 

IIIO  5  D0348 

10.48 

mo  5  DQ386 

9.26 

IV05  D0410 

8.57 

V02A  DO  37 1 

5.49 

Specimen  Density  Specimen  Density 

Displacement  Geometrical 

Method  Method 


gm/crn 

gm/c 

5.94 

5.94 

6.04 

5.93 

6.06 

5.96 

10.68 

10.53 

9. 17 

9.08 

8.60 

8.43 

5.59 

5.48 
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TABLE  50 


ajlk  t  uuw  KAiii  r  OS.  ivIATESLAL  SI 

(HfB2  -  20  v/o  SiC  at  2120°C,  60  Minutes) 
(Billet  HI05D0573,  0.35  in.  diameter  by  0.35  in.  high) 


Boride  Recession  SiC  Recession 


Air 

Height/ 

OX  No. 

Flow  Rate 

Diameter 

ft/ sec 

mils/mils 

718 

0.  1 

0/0 

802 

0.3 

9.0/  9.4 

814 

0.3 

8.7/  9.7 

803 

0.5 

8.3/  8.7 

812 

0.5 

7.3/  9.7 

806 

0.7 

8.7/10.0 

815 

0.7 

6.1/  7.2 

721 

0.9 

6. 1/10.0 

722 

0.9 

7.3/11. 1 

724 

1.8 

9.4/11.1 

725 

3.6 

13.3/12.4 

Average 

Height/ 

Diameter 

Average 

mils 

mils/mils 

mils 

0 

3.2/  4.2 

3.7 

9.2 

103.7/107.2 

105.5 

9.2 

94.5/ 108.5 

101.5 

8.5 

99.5/  99.2 

99.4 

8.5 

118.2/103.0 

110.6 

9.4 

108.6/101.5 

105.  1 

6.7 

101.8/  94.1 

98.0 

8.1 

87.0/  94.0 

90.5 

9.2 

98.4/  91.9 

95.2 

10.3 

100.1/  96.6 

98.4 

12.9 

119. 1/ 100.0 

109.6 
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TABLE  51 

OXIDATION  SCREENING:  MATERIAL  I  (ZrB,) 

c* 

(152  Torr  Oz  in  Air  at  0.9  ft/sec  -  STP) 


Height/ Diameter 


Exp,  No. 

Pressing 

No. 

Temp 

Time 

* 

Initial 

Boride 

Recession 

Average  One  Hour 
Boride  Recession 

°C 

min 

mils/mils 

mils/mils 

mils 

440 

I02AD0338 

1550 

60 

300/350 

12, 1/14.2 

13.2 

359 

102AD0326 

1550 

60 

290/350 

8.0/  8.3 

8.2 

560 

10  3  ADO  309 

1600 

60 

300/350 

9.9/10.6 

10.  3 

561 

I03AD0309 

1660 

50 

300/350 

10.3/11.3 

10.8 

796 

I02AD0343 

1690 

60 

250/350 

13.5/13.7 

13.6 

212 

I02AD0281 

1700 

60 

290/350 

11.9/16.5 

14.2 

229 

I03AD0340 

1700 

60 

300/350 

11.9/13.9 

12.9 

230 

I03AD0340 

1700 

60 

300/350 

13.7/13.4 

13.6 

23 1 

I03AD0340 

1700 

60 

300/350 

13.2/15.2 

14.2 

255 

I03AD0309 

1700 

60 

300/350 

11.4/10.9 

11.2 

263 

I02AD0291 

1700 

60 

280/350 

11.7/15.0 

13.4 

265 

102AD0326 

1700 

60 

290/350 

12.4/14.4 

13.4 

274 

I03AD0328 

1700 

60 

285/350 

- / 1 1 . 6 

11.6 

285 

I02AD0338 

1700 

60 

300/350 

13.6/14.4 

14.0 

286 

I03AD03 14 

1700 

60 

300/350 

11.6/14.4 

13.0 

287 

103AD0360 

1700 

60 

270/350 

13.7/17.8 

15.8 

295 

I02AD0345 

1700 

60 

300/350 

12. 1/13.9 

13.0 

304 

I03AD0328 

1700 

60 

265/350 

- /12.2 

12.2 

894 

I07D0589 

1700 

60 

300/350 

12.6/13. 1 

12.9 

899 

I05AD0590 

1700 

60 

300/350 

12.5/12.9 

12.7 

1016 

I05AD0590 

1740 

60 

300/350 

13.6/14.3 

14.0 

1018 

I03AD0457 

1740 

60 

420/350 

13.3/14.6 

14.0 

1014 

I03AD0457 

1770 

60 

420/350 

17.5/17.4 

17.4 

1017 

I07D0589 

1770 

60 

3G0/350 

15. 4/ 16. 4 

15.9 

1019 

I02AD0305 

1770 

60 

290/350 

14.9/16.  1 

15.5 

1020 

I05AD0590 

1770 

60 

300/350 

17.1/17.4 

17.3 

308 

I03AD0360 

1800 

60 

270/350 

23.4/22.4 

22.9 

311 

I03AD03 14 

1800 

60 

300/350 

21.6/20.6 

21.  1 

312 

I02AD0338 

1800 

60 

300/350 

27.8/21.4 

24.6 

787 

I02AD0343 

1800 

60 

290/350 

28.0/32.3 

30.2 

309 

I03AD0309 

1810 

60 

300/350 

25.0/27.  1 

26.  1 

314 

102AD0326 

1810 

60 

285/355 

16. 3/22. 2 

19.3 

316 

103AD0328 

1810 

60 

270/350 

17.7/17.4 

17.6 

318 

I02AD0291 

1810 

60 

300/350 

21.3/22.3 

21.8 

335 

I02AD0345 

1810 

60 

300/350 

19.4/20.7 

20.0 

895 

10  7  DO  589 

1810 

60 

300/350 

33.8/36.4 

35.  1 

901 

I05AD0590 

1810 

60 

300/350 

31.5/36.5 

34.0 

955 

I02AD0343 

1820 

60 

290/350 

34.9/43,7 

39.3 

234 


TABLE  51  (CONT) 


OXIDATION  Sr.RKFNTNO!  MATFBTAT.  T  (7»R  \ 

£• 

(152  Torr  O ^  in  Air  at  0.9  £t/sec  -  STP) 


Time 

min 


Initial* 

mils/mils 


Boride 

Receesion 

mile/ mils 


Average  One  Hour 
Boride  Recession 

mile 


253 
28  8 

332 

333 
497 
504 
513 
864 
786 
897 
896 
473 
503 

419 

420 
512 


I03AD0340 

1850 

60 

300/350 

I03AD0328 

1850 

30 

300/350 

X03AD0309 

1850 

30 

300/350 

I02ADQ326 

1850 

30 

290/350 

102  ADO  345 

1850 

30 

290/350 

102AD0338 

1850 

30 

300/350 

I03AD0360 

1850 

30 

270/350 

103AD0457 

1850 

60 

420/350 

I02AD0343 

1850 

30 

290/350 

I05AD0590 

1850 

30 

300/350 

I07D0589 

1860 

30 

300/350 

I02AD0Z91 

1860 

30 

280/350 

I03AD0360 

1860 

26 

270/350 

I03AD0360 

1870 

30 

270/350 

I03AD03 14 

1870 

30 

300/350 

X02AD0338 

1890 

30 

300/350 

28.  1/38.  1 

Severe  Oxidation 

31.8/44,  1 

24.7/31,7 

23.2/31,8 

41.0/52.8 

16.4/22.0 

41.5/48.2 

34.5/42,5 

29.8/39.8 

29.6/37.6 

29.5/46.6 

15.2/16.7 

43.6/50.2 

29.5/46.6 

37.3/ - 


33.  1 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 


4 

Nominal  dimensions. 

Assumes  parabolic  oxidation  kinetics. 
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TABLE  52 


AYTT>A  TTAW  A  IP  AAw%/fPT»  At  *f  r mm  rknr«nr<wn. 

- *  “  w*  ’  -w  — .  AAV*  A  A 

ZIRCONIUM  DIBORIDE 
(Ibi  Torr  Ujj  in  Air  at  0.9  ft/sec  -  STP) 


Height/Diameter 


Exp.  No . 

Temp 

Time 

Initial* 

Boride  Average  One  Hour 

Recession  Boride  Recession 

°C  min 

Carborundum  Hot  Pressed 

mils/mils 

mils/mils 

mils 

558 

1540 

60 

400/375 

11.6/15.5 

13.6 

638 

1580 

60 

400/375 

lO.O/lO. 8 

10.4 

88 

1610 

60 

400/375 

14.7/21.0 

17.9 

155 

1630 

60 

400/350 

10.4/15.8 

13.  1 

129 

1690 

60 

400/350 

13.0/13.5 

13.3 

266 

1700 

60 

400/350 

12.  1/12.3 

12.2 

89 

1730 

60 

400/375 

16.3/26.5 

21.4 

130 

1780 

60 

400/350 

14.4/14.3 

14.4 

156 

1810 

60 

400/350 

21.4/20.9 

21.2 

317 

1810 

60 

400/350 

21.3/22.3 

21.8 

90 

1820 

60 

400/375 

23.0/30.5 

26.8 

131 

1850 

30 

400/350 

27.4/30.0 

(40.2)+ 

474 

1860 

60 

400/350 

36.4/50.5 

43.5 

486 

1860 

30 

400/350 

16.5/26.5 

(30.  5)* 

107 

1870 

30 

400/375 

38.6/47.5 

(74.6)t 

157 

1900 

30 

400/350 

36.6/D 

(51.  8)* 

120 

1920 

60 

400/375 

Complete  Oxidation 

124 

1940 

30 

400/375 

47.9/D 

(67.7)+ 

121 

1970 

60 

400/375 

Complete  Oxidation 

93 

1980 

30 

400/375 

Complete  Oxidation 

92  1990 

Norton  Hot  Pressed 

30 

400/375 

Complete  Oxidation 

639 

1580 

60 

400/390 

17.5/13.5 

15.5 

113 

1620 

60 

410/390 

15.1/13.  1 

14.  1 

128 

1620 

60 

400/350 

13.4/15.3 

14.4 

267 

1700 

60 

400/400 

32.0/44.2 

38.  1 

272 

1700 

60 

400/400 

21.5/21.8 

21.7 

475 

1700 

60 

400/400 

26.6/24.5 

25.6 

114 

1710 

60 

390/340 

26.3/24.3 

25.3 

105 

1820 

60 

400/350 

30.8/31.  1 

31.0 

132 

1820 

60 

400/350 

43. 1/41.8 

42.5 

421 

1840 

60 

400/400 

27.6/43.0 

35.3 

487 

I860 

30 

400/400 

30.9/32.7 

(45.  0)+ 

123 

1870 

60 

400/350 

50.2/D 

50.2 

159 

1900 

30 

400/350 

Complete  Oxidation 

112 

1920 

60 

400/340 

Complete  Oxidation 

115 

1960 

30 

400/350 

Complete  Oxidation 

106 

2040 

60 

400/340 

Complete  Oxidation 

4> 

Nominal  dimension*. 

^Assumes  parabolic  oxidation  kinetic*. 
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TABLE  53 


OXIDATION  SCR EENTTNO ?  MATRRIAT.  V  (7.»B  x  7  f\  R4CI 

‘  £  '  •»  - - * 

( 152  Torr  ©2  in  Air  at  0.  9  ft/sec  -  STP) 


Height/ Diameter 


p.  No. 

Pressing 

No. 

Temp 

Time 

* 

Initial 

Boride 
Recession 
(SiC  Recession) 

°C 

min 

mila/mils 

mils/  mils 

388 

V02AD0395 

1800 

60 

300/350 

1.  1/  0.6 
(29.2/  9.6) 

‘*4  1 

V02AD0371 

1800 

60 

300/350 

4.2/  2.8 

( - /  7.2) 

330 

V02D0372 

1800 

60 

295/350 

1.2/  1.3 
(  5.0/ - ) 

389 

V02AD0391 

1810 

60 

300/350 

1.8/  1.5 
(14.8/11.7) 

918 

V07D0580K 

1810 

60 

330/350 

4.3/  3.3 
(16.6/14.3) 

631 

V03AD0480 

1840 

60 

350/350 

1.7/  2.5 
(  7.3/  9.3) 

433 

VQ2AD037  1 

1900 

60 

300/350 

7.0/  6.2 
(19.0/25.2) 

432 

V02AD0395 

1900 

60 

300/350 

4.2/  6.7 
(32.3/61.9) 

430 

V02AD039 1 

1910 

60 

300/350 

8.4/  4.6 
(67.6/34.8) 

391 

V02AD0391 

1950 

60 

300/350 

6.4/  6.5 
(67.1/31.9) 

437 

V02AD0371 

1950 

60 

300/350 

9.7/11.6 

(30.3/41.7) 

343 

V02D0572 

1960 

60 

295/350 

13.4/18.3 

(35.8/31.9) 

393 

V02AD0395 

1960 

60 

300/350 

4.5/  5.2 
(76.6/94.8) 

435 

V02D0372 

I960 

120 

300/350 

16. 1/15.7 
(39.3/44.7) 

436 

V02D0372 

I960 

30 

300/350 

10. 1/  9.2 
(18.6/30.8) 

438 

V02D0372 

I960 

60 

300/350 

9.9/12.7 

(22.0/34.9) 

903 

V07D0580K 

1970 

60 

330/350 

16.8/  9.0 
(34.3/23.3) 

634 

V03AB0480 

2000 

60 

350/350 

3.4/  2.7 
(111. 9/93. 5) 

Average 
One  Hour 
Boride 
Recession 
(SiC  Recession) 

mils 


0.9 

(19.4) 

3.5 
(  7.2) 

1.2 

(  5.0) 

1.7 

(13.5) 

3.8 

(15.5) 

2.  1 

(  8.3) 
6.7 
(22.  1) 

5.5 

(47.1) 

6.5 

(51. 1) 
6.4 


(49.5) 

10.7 

(36.0) 

15.9 


(33.9) 

4.9 


(34.9)++ 

11.3 

(28.5) 

12.9 

(28.8) 

3.  1 
(102.7) 
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TABLE  53  (CONT) 

OXIDATION  SCREENING:  MATERIAL  V  (ZrB2  ♦  20  v/o  SiC) 
(152  Torr  Og  in  Air  at  0,  9  ft/sec  -  STP) 


Height/Diameter  Average 

One  Hour 


Exp.  No. 

Pressing 

No. 

Temp 

Time 

Initial* 

Boride 

Recession  ^ 
(SiC  Recession) T 

Boride 
Recession 
(SiC  Recession) 

470 

VQ2ADQ37 1 

°c 

20 10 

min 

60 

mils/mils 

300/350 

mils/mils 

20.6/ - 

mils 

20.6 

471 

V02AD0391 

2010 

60 

300/350 

(73.6/ - ) 

21.6/ - 

(73.6) 

21.6 

472 

V02AD0395 

2010 

60 

300/350 

(  c/— } 

7.8/-  — 

(  c  ) 

20.6 

398 

V02AD0391 

2050 

60 

300/350 

(  c/— } 

56.2/74.5 

(  c  ) 

65.4 

399 

V02AD0395 

2060 

60 

300/350 

(  C/C  ) 
75.5/65.8 

(  c  ) 

70.7 

352 

V02D0372 

2060 

60 

295/350 

(  c/c  } 

22.8/26.4 

(  c  ) 

24.6 

467 

V02AD037 1 

2110 

60 

300/350 

(  C/C  } 
28.2 / - 

(  c  ) 

28.2 

913 

V07D0580K 

2130 

60 

330/350 

(127.7/-— } 
83.0/121.0 

(127.7) 

102.0 

635 

V03AD0480 

2170 

60 

350/350 

(  C/C  ) 

24. 3/47. 5 

(  c  ) 

35.9 

906 

V07D0580K 

2220 

60 

330/350 

(  C/C  }  (  C  ) 

Complete  Oxidation 

St 

Nominal  dimension*, 

+C  designates  complete  oxidation  of  the  SiC  phase, 

+‘4- 

Assumes  parabolic  oxidation  kinetics  for  the  diboride  and  SiC  phases. 
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TABLE  54 


OXIDATION  OF  COMMERCIAL  HOT  PRESSED  BORIDE  £ 
(152  Torr  0,  in  Air  at  0.9  ft/sec  -  STP} 


Height/ Diameter 


Exp.  No. 

Temp 

Time 

Initial* 

Material 

Recession 

Average  One  Hour 
Material  Recession 

°C 

mils/ mils 

mils/ mils 

mils 

636 

1570 

60 

300/350 

3.6/  2.8 

3.2 

444 

1710 

60 

300/350 

6.3/  6.7 

6.5 

445 

1810 

60 

300/350 

12.6/12.3 

12.5 

508 

1850 

60 

300/350 

15.9/15.8 

17.5 

530 

1910 

60 

300/350 

16.4/16.8 

16.6 

531 

1950 

60 

300/350 

30.3/39.8 

35.  1 

£ 

Nominal  dimensions. 
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TABLE  55 


OXIDATION  SCREENING:  MATERIAL  VIII  (ZrB?  +  30  v/o  Graphite  +  14  v/o  SiC) 
( 152  Torr  02  in  Air  at  0.  9  ft/aec  -  STF) 


Exp.  No. 

Pressing 

No. 

Temp 

Time 

Height/Diameter 

Boride 

g  Recession 

Initial  (SiC  Recession) 

Average 

One  Hour 
Boride 
Recession 
(SiC  Recession) 

°C 

min 

mils/ mils 

mils /mils 

mils 

1021 

VHI02A  D0592 

1610 

60 

290/350 

8.3/  9.5 

8.9 

1022 

VUI02A  D0592 

1770 

60 

290/350 

15.6/  19.2 

17.4 

(20.2/  22.4) 

(21.3) 

916 

VUI02A  D0592 

1800 

60 

290/350 

21.0/  33.3 

27.2 

(28.3/  39. 1) 

(33.7) 

623 

VIII02A  D0498 

1820 

60 

300/350 

3.8/  11.5) 

7.7 

(15.1/  29.0) 

(22.  1) 

915 

VIIIO  2 A  DO  592 

1970 

60 

290/350 

64.8/  85.0 

74.9 

(75.3/102.2) 

(88.8) 

627 

VII10 2 A  D049S 

1980 

60 

300/350 

20.8/  6.2 

13.5 

(34. l/  48.5) 

(41.3) 

912 

VIH02A  D0592 

2000 

60 

290/350 

Complete  Oxidation 

624 

VIH02A  DO  498 

2180 

60 

300/350 

Complete  Oxidation 

Nominal  dimensions. 
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TABLE  56 

m  a  TratA  t  vn  /7«n  j.  ca 


A  -A  ^UU«V 


(152  Torr  O,  in  Air  at  0.9  ft/sec  -  STP) 

Height/Diameter 


p.No. 

Pressing  No, 

Temp 

Time 

Initial* 

Boride 

Recession 

Average  One  Hour 
Boride  Recession 

°c 

min 

mils /mils 

mils/ mils 

mils 

953 

XU02AD056  1 

1600 

60 

290/350 

41.9/  70.3 

56.  1 

954 

XH02AD056  1 

1710 

60 

290/350 

Complete  Oxidation 

844 

XII02AD056  1 

1800 

60 

300/350 

99.3/122.3 

110.8 

946 

X11(20)07D0585 

1810 

60 

340/350 

29.0/  29.6 

29.3 

947 

XII(5)03AD0572 

1810 

60 

330/350 

33.6/  39.8 

36.7 

843 

X1102AD056  1 

1850 

60 

300/350 

109.8/125.2 

117.5 

951 

XI1(5)03ADC572 

1860 

30 

330/350 

35.0/  37.4 

51.2+ 

950 

XH(20)07D0585 

1860 

30 

340/350 

26.2/  30.7 

40.2+ 

949 

XI£(5)03AD0572 

1910 

60 

330/350 

Complete  Oxidation 

948 

XH(20)07D0585 

1910 

60 

340/350 

79.0/  76.8 

77.9 

845 

X1102AD056  1 

I960 

60 

300/350 

110.  1/132.3 

121.2 

Nominal  dimensions. 

L 

Assumes  parabolic  oxidation  kinetics. 
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TABLE  57 


OXIDATION  SCREENING:  MATERIAL  X  (ZrJB2  +  2G  v/o  SiB6> 
(152  Torr  Oz  in  Air  at  0.9  ft/aec  -  STP) 

Height/Diameter 


Exp.  No. 

Pressing  No. 

Temp 

Time 

Initial41 

Material 

Recession 

Average  One  Hour 
Material  Recession 

°C 

min 

mila/mile 

mila/mila 

mils 

925 

X07D0596 

1700 

60 

300/ 3 >0 

17.2/14.2 

15.7 

923 

XQ7D0596 

1800 

60 

300/350 

21.6/29.6 

25.6 

922 

X07D0596 

1910 

60 

300/350 

Compltti  Oxidation 

Nominal  dimensions. 


TABLE  58 


OXIDATION:  HIGH  PRESSURE  HOT  PRESSED  MATERIALS 
(152  Torr  Og  in  Air  at  0.9  ft/sec  -  STP) 


Exp.  No. 

Pressing 

No. 

Temp 

Time 

Material  VI  (H£B^  +  4  v/o 

°C  min 

Hf-27Ta) 

599 

VI05H0585 

1820 

60 

606 

VI05HG586 

1920 

60 

608 

VI05H0585 

2060 

60 

Material  X 

(ZrB,  +  20  v/o  SiB^) 

733 

X02AH0649 

1810 

60 

738 

X02AH0648 

1910 

60 

Material  XI  (ZrB.,  +  8  v/o  Cr) 


727 

XI02AHQ645 

1700 

60 

598 

XI02AH0583 

1710 

60 

731 

XI02AH0645 

1810 

60 

729 

XI02AH0645 

1870 

30 

Hcight/Diameter 


$ 

Material 

Initial 

Recession 

mils/mils 

mils/mils 

380/310 

17.8/23.4 

380/330 

28.9/45.8 

360/310 

85.9/81.8 

330/330 

12.  1/17.9 

( 

33.6/33.5) 

350/330 

51.7/50.9 

(112.9/95.9) 


Average  One  Hour 
Material 
Recession 

mils 


20.6 

37.3 

83.9 


15.0  , 
(  33. 6)+ 
51.3  . 
(104. 4}+ 


350/350  18.4/34.3  26.4 

260/340  25.  l/ -  25.  1 

350/330  38.8/43.6  41.2 

360/310  82.2/61.4  101. 5++ 


4 

Nominal  dimensions. 

+SiB,  recession. 

++  " 

Assumes  parabolic  oxidation  Nineties. 


TABLE  59 


OXIDATION  SCREENING:  MATERIAL  II 

/JO  A  n*.  rt  rt  cwni 

|  «wa*  v>2  *m  w »  /  «-*/  *<tc  -  unr/ 


Height/ Diameter 


Pressing 

* 

Boride 

Average  One  Hour 

Exp.  No. 

No. 

Temp 

Time 

Initial 

Recession 

Boride  Recession 

°c 

min 

mils/mils 

mils/mils 

mils 

382 

II05D0352 

1600 

60-60 

260/350 

7.6/  6.8 

<  5.D* 

401 

U05D0352 

1600 

120 

260/350 

4.9/  5. 1 

(  3.5)+ 

349 

H05D0352 

1700 

60 

260/350 

5.2/  4.7 

5.0 

351 

II05D0348 

1700 

60 

265/350 

4.0/  5.5 

4.  8  x 

348 

U05D0349 

1700 

35 

280/350 

3.7/  4.5 

(  5.4)+ 

360 

II05D0349 

1710 

60 

280/350 

6.4/  5.7 

6.  1 

327 

U06D0383 

1800 

60 

300/350 

--/10.9 

10.9 

363 

H05D0349 

1800 

60 

280/350 

10.2/12.7 

11.5 

329 

1105D03 15 

1810 

60 

300/350 

10.7/U.0 

10.9 

366 

H05D0352 

1810 

60 

260/350 

11.7/12.2 

12.0 

321 

Q07D0458 

1810 

60 

300/350 

11.6/11.5 

11.6 

361 

IIOSD0346 

1810 

60 

265/350 

18. 9/ 19. 3 

i9.  1  x 

350 

II05D0315 

1880 

48 

300/350 

54.9/57.5 

(63.0)+ 

367 

U05D0348 

1900 

60 

265/350 

44. 1/45.4 

44.8 

369 

H05D0349 

1900 

60 

280/350 

40.4/36.6 

38.5 

375 

1I05D0352 

1900 

45 

260/350 

33.  1/33.9 

(38.7)+ 

455 

U06D0383 

1900 

60 

300/350 

28.9/35.2 

32.0 

456 

H05D0315 

1900 

60 

300/350 

17.5/26.3 

21.9 

465 

H07D0458 

1910 

60 

300/350 

23.2/26.4 

24.8 

429° 

1I05D0348 

1990 

60 

265/350 

31.4/29.8 

30.6 

428 

U05D0349 

2020 

60 

280/350 

62.4/81.3 

71.9 

507 

H06D0383 

2020 

60 

300/350 

74.6/86.6 

80.6 

338 

U05D0315 

2030 

60 

300/350 

67.2/85.8 

76.5 

386°° 

H05D0348 

2030 

60 

265/350 

30.0/24.9 

27.5 

510 

U07DQ458 

2060 

60 

300/350 

54.4/71.6 

63.0 

* 

Nominal  dimension*. 

4. 

Assume*  parabolic  oxidation  kinetics. 
°Air  flow  0.5  ft/sec. 

00 Air  How  0.2  ft/sec. 
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TABLE  60 

OXIDATION  SCREENING:  MATERIAL  III  (HfB^  «•  20  v/o  SiC) 
(152  Torr  O.,  in  Air  at  0.9  ft/sec  -  STP) 


Height/ Diameter 
Boride 


Exp.  No. 

*  *  -  ~  -  —6 
No. 

Temp 

Time 

£ 

Initial 

V.  VO 

(SiC  Recess. 

4$6 

H105DQ386 

°c 

1790 

min 

60 

mils/ mils 

260/350 

mils/  mils 

1. 1/  0.7 

492 

H105D0444 

1800 

60 

300/350 

(  3.9/  4.  1) 
0.6/  0.6 

493 

IH05D0400 

1800 

60 

200/350 

(  3.9/  4.5) 
0.7/  0.4 

494 

III05D0402 

1800 

60 

350/350 

(  3.2/  3.8) 
1.5/  1.0 

340 

UI05D0408 

1800 

60 

300/350 

(  4.2/  5.0) 
0.9/  1.0 

426 

III05D0408 

1910 

120 

300/350 

(  3.7/ - ) 

2.3/  8.8 

498 

III05D0402 

1950 

60 

350/350 

(12. l/ 19.  1) 
6.4/  4.2 

387 

1H05D0400 

1960 

60 

300/350 

(68.9/44.6) 
2.3/  4.7 

396 

III05D0386 

1960 

60 

260/350 

(34.8/34.0) 
3.6/  3.5 

425 

H105D0408 

1960 

30 

300/350 

(32.0/27.0) 
4.7/  5.7 

427 

HI05D0408 

1970 

60 

300/350 

(29.5/30.9) 
2.0/  6.0 

442 

UI05D0444 

1980 

60 

3Q0/35O 

(17.3/23.5) 
2.7/  3.  1 

464 

IU05D0408 

2020 

60 

300/350 

(27.5/39.6) 
4.7/  7.7 

384 

H105D0408 

2050 

60 

300/350 

(24.6/31.3) 
2.7/  3.5 
(  C/C  ) 
2.3/  5.8 

500 

IH05D0402 

2060 

60 

350/350 

525 

HI05D0400 

2100 

60 

300/350 

(12.8/28.2) 

10.3/13.8 

(  c/c  ) 

15.8/26.6 

524 

HI05D0444 

2110 

60 

300/350 

4t 

Nominal  dimensions. 

C  designates  complete  oxidation  of  the  SiC  phase. 

(  c/c  } 

Average 
One  Hour 
Boride 
Recession 
(SiC  Recession) 


0.9 
(  4.0) 
0.6 
(  4.2) 
0.6 
(  3.5) 
1.3 
(  4.6) 
1.0 
(  3.71 
4.0*+ 
(U.0)++ 
5  3 
(56  .*8) 

3.8 
(44.2) 

3.6 

<279;*u 

(42.7)++ 

4.0 

(20.4) 

2.9 
(33.6) 

6.2 

(28.0) 

3.  1 

(  C  ) 

4.  I 

(20.5) 

12.  1 

(  C  ) 
21.2 
(  C  ) 


r Assumes  parabolic  oxidation  kinetics  for  the  diboride  and  SiC  phases. 
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OXIDATION  SCRttXING  MAIERMI  IV 


iiu  7 <t>r  r  Uj  :b  Air  at  0„  4  !t  •«< 

H=f 

Prwusuof  4 


ILxjp.  N»>. 

No. 

T*«p 

Tim* 

°C 

mi* 

mil«/«ult 

144 

IV05D0410 

1400 

40 

300/550 

414 

IV04  00444 

itOC 

©0 

100/150 

541 

1V05D0440 

1440 

40 

100/150 

441 

IV  0500445 

1440 

40 

100/150 

444 

IV 05004 10 

14*0 

40 

500  /  5  50 

502 

1V05JD0444 

2020 

40 

100/150 

411 

IV 0300444 

2070 

40 

500/550 

545 

1V0500410 

2100 

40 

100/150 

411 

IV  05004 10 

2150 

40 

100/150 

Aimuiom. 

*C  NuffiiiM  cowyiWl*  amrtiUaB  al  UMr  StC  p4»**. 


O.C/  1.4  1.4 

1 - /  7.1)  (  7.  » 

2.4/  2.4  2.4 

t  4.4/  4.4)  1  4.4) 

4.4/  0.4  5.4 

(14.7/44.  D  (41.4) 

1.4/  O.fc  1.0 

(77.0/75.1)  (75. 0) 

5.4/  1.4  1.7 

(51.4/40.5)  (57.  1) 

---/  0.4  0.4 

(54.1/54.4)  (44.*) 

2.4/  2.4  2.7 

(10.3/C  )  (  C  ) 

2.4/  2.1  2.4 

(C/Cl  (Cl 

4. 3/12. •  10.4 

(  C/C  I  (Cl 


TABLE  42 


OX1D'  HON  SCREENING:  MATERIAL  VI  (MIBj  *  4v  o  Hi  2U») 


U  ■**  :o.r  m  Air  «t  v  *  it r  net  -  siri 


H>t|hi/Dum«<»r 


MiUrMl  Av*rt|«OMHowr 


Lo^.No, 

Fr«**ui4  Ho. 

T;  a.* 

laitui 

R*t »» 4.UU4 

Material  Rxitikoa 

°C 

nun 

null'  null 

mi  l®  >  ttvi  l« 

mil* 

4  U 

V1C1D0442 

1740 

40 

100/110 

>0.7/10.4 

IS. 4 

>4* 

VK>4Du442 

1000 

40 

100/110 

11.8,  17.4 

24.7 

422 

V1C4D3442 

1874 

40 

100/  110 

21.7/27.4 

24.4 

174 

VIO  400442 

1440 

40 

100/140 

40.4/44.8 

47.4 

K.wtwmi  1  diiMUwai . 
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EFFECT  OF  Sic  COMTEK!  ON  TOE  OXIDATION  BEHAVIOR 
ut  UATImau)  W  ANU  V 
(1^2  Torr  O,  >■  Air  «i  0.4  h/a«i  ii  F.  •!«  Mumm 

a*  19 

BornU  Kk«i»mw  8>C  Het««»to>* 


v/a 

M«&«hc/ 

OX  No. 

ProMOiiM 
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T  «mp 

Dumtwr 

Av«r«Jir 

Du»m«e«r 

Aw  r«4t* 

latla/mtia 

no«i« 

nuli/u>U 
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7«3‘ 

01 05 DOS  St 

10 

iaoo 

l.S/  1.3 

2.2 

2.0/  2.0 

3.  t 

•07 

1U05D0S3S 

10 

174* 

5.  1/  4.  1 

4.  1 

4.0/10.0 

7.0 

7M 

IXlOSDOSSt 

to 

144* 

7.2/  4.4 

4.4 

id.  7/14.  3 

14.0 

7ii 

UMSDOSSi 

10 

2*2$ 

IS.T/2S.S 

14.  S 

70.  4/«0.  S 

7S.S 

704 

veZAixiii 

9 

lawi 

12.3/12.4 

12.4 

c/c 

C 

70S 

VO2AU0S31 

9 

ISOS 

33. 2/47. S 

40.4 

c/c 

C 

702 

V0IAD0S31 

9 

2i2C 

Co«^at«  OadsUM 

7 47 

V02AO04S2 

10 

IS  10 

4.3/  4.4 

4.4 

c/c 

TOO 

V02AD0S32 

10 

1SS0 
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2S.3 

c/c 

C 

74S 
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10 

210S 

74. 2/S4. i 

•4.3 

c/c 

c 

ttv 
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IS 

mws 

1.4/  1.1 

1.4 

2.*/  3. « 
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IS 

ISSS 

14.  l/ 1 1.4 
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is 
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IS 

Z10S 
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33.2 

C/C 
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7tt2 
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so 

IMS 
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3.  i 
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SO 
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APPlrtDIX  : 


CHAfcAC  TtRliA  T1CN  Of  DIBORl*  J  W'H  i'f  f 
5Ki  r-  *mi  'n  i 

In  _ to  the  large  pom  de  r  pret  arfmrnti  >i  rh.i*  -Jatwrid** ,  mtu<.h 

have  been  d*»tnb«d  m  Section  111.  i*v«r>,  *  ma  1!  quantity  ih,pm«nti  have 
hr«s  r*i  vi  v*d  tor  mliMOon.  Th«*f  powdrrt  wtre  thtncieriird  by  chemical 
and  X-ray  analyeva  add  taw  powder  denaity  mea  turr'nrnii  T*-e  i  !ur»i  tenutmr 
reaulte  trv  pr*»eattd  ua  Tabt«t  1-  1  To  !-t». 

Tlk«  Zr®2  powder  a  104  a  wa  104  repreaeat  araali  qwartiity  lota  TWir 
(benutirtti  *  re  •pprouiuttlT  ttw  name  *a  tte  102A  powde  r*  Ana  lyase  ot  the 
10%  powder  ttaeweb  large  ^uadliiiet  ol  metal  carltde  tad  nude  imjkunbfi.  The 
ratterttl  vta  reproceeeed  aid  a  labtiaatitl  rtdauw  ot  phase  impuriti** .  TH* 
(hardttertuuM  data  to-  th*  reprotrxrd  powder.  itMtilird  as  10%4,  te  pre- 
wrated  in  Tail*  1. 

The  HIB  2  powder  a  110?  amt  1198  represent  eaperimeatal  processing  lota 
etttiaad  from  liar  U.5.  Oorta  Rraaarck  Corpartuoa.  V«r>  tug*  Hafnium  oaude 
atad  hafatam  car  tea  da  cow  toad  a  rejected  the  a*  material*  tor  further  (aaatdtrauan 
The  U04  material,  wtech  *lae  tea  a  high  level  ot  pteae  >mptriQ«»,  sa  beug 
reprocessed. 


I  AIL*  Ui 


CKAICAC  Tl.fcUATlOAS  O*  ZIRCONIUM  DIBORIO*.  POWQLR,  XH 


Sa^piitc  U.  I.  »»  CoiyorUto* 

QwftMMf  §,»  poot»4  i« 


I.  Q«tiilttlvv« 

(wdfta  pm  4  cHt,  min I 

T »  0.41  .  0.  i 

1.  QahMUUm  AMtyn*  (»/«J 

lr  «4.i 

»  »,» 

C  9.  I  i 

°  o.  to 

Total  n.n 

S.  Atomic  lUUa 

Ok*(«aU  0/Zi  «i,W 

CwttkM  B/ZrVi.8J 


4.  X-r»y  U«Mtiu  aUun 

lr*a 

X  rOj  {unfmi  Ujl 
4.  Pwdir  Dvtiity 
0.09  tkc 

0.  PtM*«  Aa«Mt|r  (woAom*  |wt  emit 
Cakulku4  trom 

IrR^  aifOj  2rC 
0A.I  4.2  0.7 


iQt 

Atomic  r«Uo  t»trK(«4  for  m<Wl  »os«*a«4  w  W  ••  4omt4*  out 

■mil  moaocorkiA*. 


N 


TABLE  U2 


CHARACTERIZATION  or  Z&CON1UM  DIEOR1DE  PGBDLA,  »4 

Ski«i4iU«f  Co?pur»liM  (H.  C.  lUitk,  B*rlu| 

Quantity.  S  minttum  talpmtM 

4,  X-rtty  P««m  lAtatiitctttw 

X»Bi 

?.  rC  (UnyttrUy) 

ZrQ^  Itntptiity) 

5.  Pwr4r  Dr w* tty 
A. II  |/cc 

4  Ptett  AaUy  (vatunm  pot  cooli 
C«k«kl»t  farMu  Cuwyutinom 

Zrltj  ZrOz  ZrC 
41. T  %.Q  l.i 

m 

Awmk  ratio  (DrmM  <rr  iMtei  itinniMl  to  It*  pro  Mat  ms  matii  4t*m*4*  urf 
mute!  nwow.«i4k4t. 


I.  QiMltUUvi  AMlyiu 

(Wtigta  p»r  <««t,  w/a| 

Ht  0.1  -  1.0 

Mo  0.01  -  0.1 

l.  QoontMotiv*  Anftlyiu  (•/«( 

Ir  M.H 

»  ISO 

c  a.ti 

O  I.  IT 

Total  94.40 

I.  Atomic  Ratio 

(Vtt"4il  IS /I  r  *  *.40 
CorroctoA  »/Ir*W  l.ti 
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T ABLE  Ul 


”  Atomic  rails  esrr«ct«l  to*  ««til  Uiato  to  bm  jMttMM  •«  wmtol  Awit*>  *«4 


TABLt  1-4 


C  MAH  ACT  t»l7.  AT  Km  OT  HAFNIUM  DCOOfklDi.  POIOKA,  tf»4 


S^lWr:  C«rp»ralMa  {H.  C.  Starch.  Btrliaf 

Quantity:  S  px>t*»1  »nipm«at 


1 .  QatiUlivi 

p«r  t«a*  Wo) 

T»  O.J  .  1.0 

Cr.  Co  0.01  -  O.I 

l.  QwMHalW*  Awijrtu  (»/«( 

Hf  ♦  Zr  14.6 

Ti.Cr.Co  0.4i 
B  0.44 

C  0.40 

°  O.fT 

Tom*  40. 44 

».  Alan h  Kttlo 

Over -oil  B/M<  •  1.40 

Corr«wbt4  l.M 


4.  X>rty  UtMlIuatlM 

hiH2 

HaC  juauM*  nappy 

5.  §*oonh»r  lAardy 

-11.2  |/k 

4.  PtwM  Aim*  (voIobbo  ywr  c«M) 
CakwlatoO  from  Coapmittai 


rO»2 

H£2 

Hft. 

04.  1 

1.0 

4.1 

AOmk  rtfto  <eir«o«4  i«(  mota*  ooaiomtHt  to  Im  proctHM  *«  hm4U  4mm  i4c  am* 
mmi  mot «c«*4t4». 


1  -  A 


TABLE  i-$ 


CMAMcrauunoK  or  MArtquM  oiBomxw  po»dki,  uot 
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*»■**  KtMvtFili  (.<tr|BnikuHi 


CtaMMUty;  2  Pw»4  l<t Iw w mi  H>)|iiimH 


I  Aatt^tu 

*»•*§•*  I Mr  CMM.  w/e) 


c*.  Y*  0. 1  -  1,0 

«.#i  »  0.  I 


Ffca»«  MMiitiatMa 

w»2 

HfO^  (iNfwritr) 


J.  ^miwm  tomtfu  t>/.|  *.  i^m,,  - - 1 

■  11.1* 

C  o.  u 

J«  Amhm«.  BHuho 


Onr-tU  B/H|  .  J.  |« 


TAfcLfc  1-4 


CHARACT  LUtATTON  Of  HAFNIUM  MftOaUDE  POU  Lit* .  UM 


Suffbtr  V.  S.  hsnut  Sl**««r<4  Oirfurattwi 
QaBkMtll>  4  PiMt  (niwtun  Sfa*  T*n*mi 


l.  Qwbtatavw  AMiywt 

P»1  r«M,  */«( 

Ga.  T».  Cv  ft.  1  -  l.ft 


2.  QUiteOUw  AMt|U»  (v/w) 
Hi  *  Xr 

2  it  ••••» 

II  II.  J§ 

C  1.4# 

O  0,50 

T«Ml  4ft.  13 


3.  town  ftltts 

Ovwr*«U  11/Hi  «  2.21 


4.  H*h  tdnrtiiuitMM 

HJSj 

tlliC  Iwpantyl 
4.  Pwrftir  fttMity 

4.4T  */cc 
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APPENDIX  U 


mo  iUUNC  VAJUABLE6  FOCI  MOT  PRESSING  0»  DthOftiDKS 


A  nun  ITSm  iltty 

Ikk'tttttM  sttohee  *(rt  on  2  imIi  duimNer  *  1/ IS  Much  togh 

hi  lie  W.  Three  pr««u*|l  Ivor*  cwMtotteO  ta  a  ettowentftooal  umIuom*  haaieS 
IN^kita  imU  lyiwai  viick  i«  tUMUMUMcUy  »  Figure  II- 1  Oitor  hilMc 

ml  3  Hath  Ssamoter  w»r«  ilt«  msd*  um  the  un»  preee ,  he*  «rttk  larger  (arMcts . 

■  Dilfoakw  Barrier* 

Ck>«M«>l  r«At uwm  to»n.«fl  Um  graphite  Irnmi  •  *n4  toe  <hhert4«r  pewSer 
hiw  fceee  frequently  oknmj.  The  feUMMrcag  Ac*  Umm  oere  teeleS  *«  rMcttoa 
hmltteg  AIMimi  karntra:  (al  here*  taitriS*  WMsm  eat  graphite  elevve.  (I>|  VaagMUen 
hai,  |c)  prtol|Ui  giafkitt  paptr,  (41  ttUco*  cfrtaP  «««k  «a4  Id  ^»t|lic  grafli- 
lie  paper  with  aa  inner  BM  «uk  coabag.  The  r«*«Ht  for  Mcb  barrier  nyiutw  will 
•a*  he  4ic Mittf  ta  gHul.  It  il  ittUuiwM  to  rapoit  that  the  ^nilytu  graphite  gt|ar 
•Uk  aa  turner  karoo  Mtnit  wash  cMtug  te  the  meet  aiiecUee  at  taaaperatoroa  ap 
to  2II0*C.  kkwt  2lM*C,  tMcuoa  immi  at*  wty  apparent  aa4  approach  the  wiOti 
of  ttaif  (eaai  otthee*  *  4tUa»l«o  harrier  (aha**  S/lt  lachl. 

Many  hlleti  pretwg  haloo  2IWSC  *uU  shews  S  murwitnttttir«l  estetoace.  ta 
tetau  at  grata  eta*.  goroatty  teol,  ar  phase  them  Motion.  mi  at  tateaoctnm  oath 
tha  Bit  layer,  hot  the  •(heft  ere  minor  cconpnreh  With  rrtekt  ohiaineS  wiUmmH 
each  Siftlaaien  harrier*.  Tha  4tortit  compnekttna*  caataiotag  hC.  Materia  la  HI, 

IV  aotf  V,  reeaal#4  wiarhe4iy  smaller  reaction  lagers  that  Aletortal*  1  Sa4  12.  la 
feet,  the  oast  Majority  at  the  toilets  ol  thaae  eShuive  coanafuntag  wn  tennis  wstntotoi 
no  evtoaace  tor  a  4te  trail  ante  ra*.  Moo 

C  MUcreatrectarf  Utrrwhi  itolity 

ha  nsgtitoet  eapOet  mi  thte  grog  rear  le  h»  eStnto  sofftcieat  process  contra!  aa 
that  Bogdana  to  nut  reetmttnves  ani  ceafawboM  awry  he  MhrtcatoS.  Knperieocs 
&atoc4to4  that  Saaatty  wan  14  he  the  meet  Stlhceh  parameter  ta  Tmge shirs.  mm  thee 
peegorty  am  on  hash  aa  the  primary  maseere  o 4  raprahatitalMty . 

A  ratal  her  ai  pressing-*  with  comparable  taarphrolare  -  preaehra-  tema  cycle* 
are  preseatoh  to  Tahte  11-  *  -  la  oavaeel  eaaaa  the  Shareos  mi  c sorrel  aghahra  grot* 
gariwft,  e  g  ,  mU*  «a.  BMW.  MBI  «a.  KHIB  taiWIM  e*.  WWlTta  tttrt  cam- 
paneaas  the  telle  rente  m  Baamty  tea  ha  naphatwaHl  hy  lahetcattao  hate  '*illh  rani  ha. 

•  -§-  •  B#X44  v».  DhftAB  «o4  PhSStt  **.  S96444.  Mbtoevnr.  aoowenpsrtotoaae  ranhhtig 
te  Mtora  than  the  eapaetoh  I  ta  SB  vertettasa*  a.g. .  BAMt  vs.  EWil4aa4Btik)va.  WSIk 

CnaSagaaaily,  <An  Met  praeSnig  pmci-ea  ooe  anaanaaii  ur  hrtail  to  enter  to  to- 
tormina  whether  tha  pracnae  cOttrel  cento  ha  impreasA.  Tempera  tore  woa  *•- 
■minaS  to  he  tha  weaat  AhtOt  parhasatar  to  raeaiara .  Ka  the  temps  rotors  range 
hatoa  etopAvyadl  the  yrecistaa  ai  ep**c.ai  tamps rotors  •eaSsags  is  eppiraaimiiliHi  iy 

♦  W*C .  akitota  prepares  w  tine  sSnfty  oath  en  mtanttenet  totte  ranee  al  Mir  C  to  tha 
pressing  tempera*  are  t  mm  pise  o*gaiiuo»Uy  to  ha  real  mat  met  restore# .  fin  riMhttFrn 


Ul 


SO  At  ooatoitoa  wtc«dw<4  by  rib*  ba^rw  to  4*  to*  ton***? toot*  a b*ac«r*< 

—“■■a.  rib*  twttw  ri  b  towtii  wiribto  Um  Umjf«ruua  sa^ta  ttos*  too***  «vm  Um 
jHwQixnaiwrii  carint  to  ♦*®^C  dliftbcoit. 


— -■*  ■>»«  --  -  J-  -—  -  -  r-»  r- 

*  tir  Tn«whiffirtf .  «Akk  cmM 
w*>»  w«r*  ririvrbM  wttlrii 


t««f  Va  cotttol.  lawi 
jti*(  diffotftta  aiuKiw* 
IW*  to  to  rib*  Writ 


f*ra*oo*o  I*  oat  *  drittoeto*  porta  motor  to  c«ato<»4  utt  oa  ito—  Abe  p vo**oa« 
aritaaao  a*awir#d  •  can  manat  gar******  dortu*}  rib*  n*.  b  to  naa  owdtot  dbdtlctot 

to  aitoMi  rito  ftrrioaaro  ocalo  Mcwtoity  *toc«  iririivriy  to*  toad*  «  to  4  too*  oto  «i 
•  ririhtl  Vft  l tot*  ooattoMo  to  rib*  p*o«*$  »»*  r«%<ri#ad  tov  rib*  l  tad  dto*o*4or  btltob*. 

A  fttobri  totririto  of  *4*tt  (Mtoriri*  briwbta  rvo*  to  pw**Ari*.  tortag  to*  cooro*  *1  toi* 
jwfMtwto.*  data  wotro'eoltoctwri  mm  rib*  ofltoct  «4  oe  too  daatoftoattoo  of  totomt 

m,  TsAia  IW.  A  to**  ototobtoflori  IttoOi  rihowr  imm  tool  *  cfa**^.*  to  pro*®***  (ran 
4IHH  rio  iriritt  pai  ynnhw  *»  wblaat  o*  o*  wrtottoa*  to  doaftifcr*  rito  «om  lowor  proo*or* 
fboriHumnb  2400  to  ASM  |t*t  actoat  »»  %  totrotobaid  pro*****  tot  •  walloenu  Aanoritcoiboo 


Cbtotoj  rib*  wornra*  of  ribto  atari*,  (MMrotttl  ctoor  gotaiuatoor*  «u(  <*o*bri*ro4 
to*  proco**  ctibto.  Trio  dabaditoattoa  aato  mi  pood  *rito  Itobtood  «*u«»a  **  « 
(tobfitooww  to  prop*ri*«  to  rib*  riaaatftasttoo  pro*#**.  AtariAs*  t*>tow|*i  odboo  oanpriapod 
to'  bat  pro* atom  to  oritoto  •  tUa*«  ritoo  loltp  too**  biitoft  1*  to  cootoroet  to*  dio  oo  tot, 
tor  «  gjtoria  laritoitf  «C  potato* s.  too  proaowr*  triad*  coaoda  •  pApofetal  atop 

tori>tf  a  ttorigo  to  too  ptatoo.  at  too  dactood  dsadriy  bowto .  M*w«**».  ribto  to* tot w§ wo 
to  ad  oMmutto*  tot  toft  praratag  rib*  dtttorUta*  tapes***  of  too  Mgri  iaaayaioiaaaa  **• 
tori  arid  to  ribft  ttatartoariao.  Xa  rib*  Sridt*  to  <Ud8%  liitnafinraow  ramp*.  rib*  parto  to 
too  gaapAtto  twraooo  ct*«p  a*  *  teat  tala  and  ribto  «Uat«  rib*  i  niton  fr  gaaattory  wfricAt 
VMHK  tiQ  dfeB 

Aasrita*  (aaaoaribto  wartebAo  rarapatead  to  tout  pn%/osw  to  rib*  tot  prooatag 
fwntaoo  totudi.  Ttaroo  totoutco*  affo  aawptoywd  aad  m ay  warsMUo*  to  cbato  tootiwial 
olai  inwttoi  i  { total  *  coairf  aab  tofiaai  to»u  to  rito  aosno  mourn**  oo  a  oottoftbao  ta  bat 
pttoaaAbg  towi#a»ritorio.  Yfea  patoa  at  to  adiwtma  a>aaawa*ao*ai  (a  itiWy  to  rib*  too 
mall}  to  ifipii'itiririaitrtiltf  i  taaitob*  U«n  too  tollatt  aaataaowdadly,  dttooaoat  m» mm  of 
Itoiai  rioadwra  riba  ptriaaoio  mribtott  oBact  rib*  bbriaa  btnwyonidoiim.  Ourriom  U*mw 
«mn»  tooaayntotod  to  rib*  fUNtodmro  ltd*  o*  toft  aw  a  i  toowtototw.  Ao  ttoooo  44o«b* 
aiapitotow  Mtoda  ritoautori  aiaariatorriy  obwa^o*  wtokA  f«toaM|  troctot*  to  o  mribtoo 
lib  'riwub D— ti itaii A  ad  aria  tototo  rotator*  no  riba  toabftaMriwto  mM  rib*  to*  moil. 


Aa  aatyaftatoaaot  m**  doMbtoood  to  bUmatatato  to*  toapocri*ai.o  ad  twra*(«  caaOrt  - 
tosttta  fMratowo  paaritoatoa.  Ttoroo  <war*a«.o*  »««  cawoptotoriy  tatoid  to  a*  msmtlf 
rib  ItototoasoJi  laaiaawt  «*  pbootoio.  Two  ptO*«rib|*  w*r#  c  wanna ii to*  to  oocb  twmemm  wtto 
ribs  4MA  paaotot*  iwsdat  bdotote  a  S  fafeatoatbioa  coadritomb*  to*  rotalto  to  wtouto  »**  pr«- 

. irmrir  to  Totri*  tt-4.  It  oppoatr*  tkat,  to  *pi»  to  riba  yrocsialbuma.  fotwoc*  la  to- 

torn  fftfthrrnvn)  tr«n  lotaaboo  VA.  It  to  difticwri  to  totaw  oap  caolaabwa  coaowtou^ 
Caarauto*  2A  riaabriwo  to  Iri*  taw  dsatoto  boc  bbtato  IMA  B94ddt.  A.  to  ato  etour  wtobi 


pdoaabar*.  waatotoawa  to  tyaatbam  «ato 
to  drib attf  to  T«Ua  11*4.  ttamowav. 
Wnifltar  lauf  laato  <*i  aaaritto  ptoawatiy  xrottobii* 

♦  i .  T%  a  a  talt*  r  ritatot.y.  bHit'Oogb  §i rotoob 
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HOT  PtUAAWGift  Of  VARIOUS  D1BO&1DL  COMPOOmOKS 
SHOW1KC  DbCKil  Of  PRCOiM  CONTROL 


Ualarksi  A»A*4*v«  Fiwibk* 
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nirm«T»n«  ru*i*rTr«wtir«  rm  vwr/wauu  ivn  uirtitiru  niamlMK 
COHTAIWIKC  kti-L'TLD  SLA  ft*  iLAJtTH  AND  ALKAL1NL  LAATH 
hUA8UHlDL  AMNTIVL» 


Tk«  lb*r«iwi  of  vkciiuin  M  pr*«*«4  ZrB>  «Mi  HOb 

*«r*  4aMrmia«d  a*  p*n  of  a  cMtiaf  M*i>  for  frtpAil*  to  Merit m*  ffc* 

•aftant  of  borUlo  cooling  can>palifcUit*.  ftwriMl  4*u  oar*  ai*o  okfomai 

for  ZrBj  oa4  KfB^  gap* **f  wtib  10  moi*  por  cost  of  trartwtf  altoUa*  or  tor*  oartii 
BaaatKtrtlM,  tfc*t>  «diMiv*a  u«r«  fo*n4  to  «JUr  lAt  tapMtiutn  roaiftc  t««aa  of  tk* 
ftf>ori«r<  oog  Inc  roe  a*  lit*  a 4k* ran**  of  Um  coating. 

Sovoral  of  It*  pr«ptr*f  motor iot*  *«r«  (ttfeniin*!  to  IttaLat*.  lac.  tor  l*t«r« 
aUatiaa  «f  UMUt  tigt  taaiyraUr*  air  oaigaftiao  knAatrior.  Tkaa#  aulcruU  or* 
ilntiliof  Ut  TtU*  01-1.  Ohifuraa  tan>*rtw«an  oar*  cor rood  out  o*  gate rital  to 
Sattwa  VUJ.  Irufty,  cyUnttora  kaviag  aowlati  gamaaOUta*  of  0.  IS  lock  gaom«t*r 
ky  0.  So  tack  long  war*  *«p|wrt«4  m  ZiOj  yafa  oa4  taotaf  to  tlto  toot  laa^aratai* 
to  flowing  aurgOO,  Wfco*  tka  f««tr*f  tantycraiar*  wo*  rwelai  ait  mi  aAanMcto4*l 
o  flaw  rat*  of  0.0  ft/ mc  (ST PS  for  oa*  hour,  tt*a  argon  on  rwioiUaf  to  fiiyidc* 
Sw  air  aaf  finally  tk*  «r*ciM«a  «*i  tnataf  to  i<wb  laaparatur*.  Tk*  Srlj  ko<*#4 
•pOclHMiao  «*r«  wifuaf  at  ITOO^Cs  Um  K0B>  ooat  M'TBj;  batol  agoctmoo*  *••* 

4in*4  at  iMO°C .  Aitor  oufaUoa.  U*  gtauUku**  matnliogr  opiate  pmafar*  oat 
wwptoyf  to  maiart  It*  *ata*l  of  coorartwa  to  amide. 


a  iomuary  at  wk*  wM*  {imarrMa  oaonooramoot*  ta  gMr*n  to  Taft*  Ut4. 
ttoycoi— inlkr*  yAntnimc  rognt pk«  of  tit*  oa«roc*kro<f  o*4  eaMkuta  agoctoaoo*  or* 
gr*aoit*4  to  Flgorwa  IU-J  kkroogk  111* IS.  lo  all  caaa«,  Um  kaatokairtg*  ottitiva* 
wo  to  oko*mr*4  to  oaoXia*  prUarawniiy  conyawf  lo  tk*  4ilx>rl4a  pkot«*. 

fc&scrockatogsmjaka  of  tfce  aohtia*4  opoctmotao  ore  pro***#*!  to.  Ftgair#*  IS1-4 
oo*l  (M-lt.  no  2rB^«ko.»*  apociaoono  oil  Itovo  roiegfc.  yottaraf  Qatar  ootiftoo, 
wkoroos  tko  HQt  ,*koo*  optielatona  oro  groooly  fiManaf  to  ogglfiiot  to  koving  ymckorog. 
porowa  notour  ootiloo.  to  eompnrioon.  ZrBj  o *4  Hfft  >  yrtotU  omootk,  ogkoiroast  oaad 
loot  a  oaftor  aallaa  oSter  «aw  Sour  aogo«ar«o  at  ogoaooloOt  tomapotatoroo,  Um  agpo*  r» 
tat*  of  Ut*  MIS|  ayacimaa  lo  Figaro  ID- 10  la  clara«i«nrtu  of  tk*  dkarUk*. 

Tktc  folio**  uag  toot  or  ••  w«r«  not**: 

1)  piofaroattoi  oglgptiUta  of  Uu  homokortga  pfcaur*.  o»  ai  iig»nct4.  ky  a  boon  to* 
twoootka  ■OOtrut&nUooada.  Ilu  tMf  iomim*  >4  Ur*  Mb*  UakortUo  tUMf  vutAa. 

IS  groOa  ylaa*  kiotrikofUaM*  (Fig we*  111*11); 

1)  lacukat*  of  crocking  (Figaro#  UI-V  m#  tU-lof. 

4)  groosi  ayweianoo  futaruo*  (Ftgoro*  IH-S.  UI-14  taf  Ui* tk). 

Tk*  makrla  yklarat  oaklki#  comporoki*  mkrattmlartt  koforo  o«ul  altar  tko  oaf* 
gotten  o*i  git  inn  Tko  nokakl#  oaacogtkono  or*  It*  rorolt  of  oik.o«ofcv«  aacaai  pknac 
goring  takaUafraybk  prop* ration  (Figaro*  lU*lk  on!  lU-Okt.  w«t>#hlstoa 
(Flgttuo*  Iffl-ik  ooat  121*1  Skf  uk  lock  of  a  r«yraa«#attv*  inkUaJi  otrucior*  (Figaro llt- 
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AAri  WOiMtittti  4klwrute  MM  tMjMitw  pr*fMr«*i  (ran  Um«w  4*tero4«»  vatfc  *y»pr*~ 
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AMS*  ten)»nM«n  »«afa%,  «fa*  pmu^ti  MHhmw  w«n  mIkm  «r 


Srvwral  bwu(r«4  4iiWrw*»  UlWt*,  ut  h«m  (ran  urn  cm. 6m*  ttiitrmniti  t  m 
«*tt  umJ mm  4M|'«Mr9.  WM  tohru&tatf  b*  -irrTiiiiwil  Ml  pr*»«4M* .  All  hoc 
taJUtottf  «**r*  wi«tw:tM  aw  Mtwtw  aMrftaimUw  u»mi*«  loift IwImmm  «wi  tW 
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«w  —j§wiww  tol»w» — nt  «•  mmWmm  . 
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